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PREFACE 



The text matter contained in this book has been 
prepared and arranged by the author with the 
requirements in mind of the practical men who are 
desirous of obtaining a working knowledge of the 
subject of Electricity as applied to Electrical Meas- 
urements and Meter Testing, but who are unable to 
take a complete course in Electrical Engineering. 

It is the opinion of the author that such individuals 
should have a clear and reasonably thorough under- 
standing of the fundamental principles of Electricity 
in order to appreciate the application of these prin- 
ciples in practice ; therefore the first five chapters are 
devoted to a treatment of these principles. 

Chapters six to thirteen, inclusive, treat of elec- 
trical measurements, and the construction, operation, 
4d and calibration of the instruments used in making 
such measurements. 



'^ Examples and their solutions are given throughout 

^ the book. These serve to illustrate the application 

of certain relations and principles, and thus give one 
i an opportunity to get a clearer understanding of their 

true significance and value in practice. 
; The author expresses his thanks to the various 

manufacturing companies who have been so liberal 

in giving information and supplying cuts. 
^ The Author. 
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ELECTRICAL MEASUREMENTS AND 

METER TESTING 



CHAPTER I 

DIRECT-CURRENT ELECTRIC CIRCUIT 

Electricity. — The exact nature of electricity is not 
known, yet the laws governing its action, under cer- 
tain definite conditions, are well understood, just as 
the laws of gravitation are known, although we cannot 
define* the constitution of gravity. Electricity is 
neither a gas nor a liquid; its behavior sometimes is 
similar to that of a fiuid, so that it is said to flow 
through a circuit. It must be understood that this 
expression of flowing does not mean there is an actual 
movement of something in the wire, similar to the 
flow of water in a pipe, when it possesses electrical 
properties, but is simply a convenient expression for 
the phenomena involved. Many an electrical problem 
can be easily understood by a comparison with a 
similar hydraulic problem, where the relation of the 
various qualities and the results are apparent under 
the existing conditions; and, on account of the simi- 
larity of the two, the hydraulic analogy will often 
be used to illustrate what is supposed to take place 
in the electrical circuit. 

Electrical Circuit, — The electrical circuit is the 
path in which the electricity moves. A study of the 
electrical circuit forms a very appropriate beginning 
for the subject of electrical measurements, because a 
thorough knowledge of the properties of electrical 
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circuits and the quantities associated with them is 
essential in order to make such measurements. 

Electrical circuits are of various forms and are 
made for many different purposes, but all possess to 
a greater or less extent the same properties, and 
involve the same electrical quantities. Suppose, for 
example, an electrical heater which is operated by 
current from a small generator, as shown in Figure 1. 
This simple combination forms an electrical circuit 
which is typical of all electrical circuits. It contains 
a source of electrical energy — ^the generator; an 
energy transforming device — the electric heater; and 




Figure 1. — Typical Electrical Circuit. 

the necessary connecting material — ^wires and switch. 
All electrical circuits are closed on themselves and, 
like the circumference of a circle, have neither begin- 
ning nor end. 

Hydraulic Analogy of the Electrical Circuit. — ^A 
brief consideration of a simple hydraulic circuit and 
the relation of the quantities involved may be an aid 
to a clearer understanding of the electrical circuit and 
the quantities associated with it. It must be under- 
stood that there is no similarity between the water 
and the electricity only in regard to action. An 
hydraulic circuit, shown in Figure 2, consists of a 
pump P, which is connected by pipes of different sizes 
and lengths to a water motor M. A valve V is placed 
in one of the pipes so as to control the flow of water ; 
and pressure gauges O^, O2, etc., are connected at 
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various points along the circuit, as shown in the figure. 
When the valve is closed, no water will flow in the 
pipes, and all the gauges will indicate the same pres- 
sure. If the valve is opened, the pressure produced 
by the pump will cause a flow of water through the 
pipes and water motor, and the indications of the 
gauges will all be different, their indications decreas- 
ing as you pass along tL ; circuit, starting from the 
outlet of the pump, which is marked in the figure. 
The difference in the pressure indicated by any two 




Figure 2. — Hydraulic Circuit. 

gauges is a measure of the pressure required to cause 
the water to flow between the two points where the 
gauges are connected to the circuit. If the pipes 
offered no opposition to the flow of the water through 
them, then the gauges connected to the ends of the 
different sections would all indicate the same pressure, 
regardless of whether there be a flow of water or not. 
Anything which will increase the opposition offered by 
a given section of the circuit, such as increasing the 
length, decreasing the area of the opening in the pipe, 
or attaching obstructions to the inner surface of the 
wall of the pipe, will cause an increase in the differ- 
ence between the readings of the two gauges connected 
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to opposite ends of the section, the quantity of water 
passing through the pipe in a given time being main- 
tained constant by adjusting the pressure produced 
by the pump. If the difference between the readings 
of two gauges connected to the ends of a section of 
pipe be maintained constant by adjusting the pump 
pressure and the opposition offered by the section of 
pipe be increased the quantity of water passing 
through the section of the pipe in a given time will be 
decreased; similarly the quantity of water passing 
through the section of the pipe will be increased if 
the opposition offered by the pipe is decreased. 

The difference between the readings of the two 
gauges connected before and after the water motor 
represents the pressure required to overcome the oppo- 
sition offered by the circuit through the motor and 
the pressure required to cause the revolving portion 
to turn. If there is no load on the motor, very little 
pressure will be required to operate it; but with an 
increase in load, there must be an increase in pressure 
acting on the motor if the speed is to be maintained 
constant. The action of the water motor in this case 
corresponds to the constant-current series motor in 
the electrical circuit. 

In such a circuit as the one shown in Figure 2, the 
total pressure supplied by the pump will be distrib- 
uted over the various sections in proportion to their 
opposition. Any change in the opposition of a section 
will result in a change in the difference between the 
readings of the two gauges connected to its opposite 
ends. If the total pressure acting on the circuit 
remains constant, an increase or decrease in pressure 
on one section due to a change in its opposition will 
result in a decrease or increase in pressure over the 
remaining sections. If the quantity of water flowing 
through the circuit is maintained constant and the 
opposition of a given section is increased, the total 
pressure must be increased ; or if the resistance of a 
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given section is decreased, the total pressure must be 
decreased, otherwise the flow of water would be 
changed. 

The opposition offered by the pipe to the free flow 
of water through it is called its resistance, and it will 
depend upon the size of the opening in the pipe, length 
of the pipe, nature of the inner surface, any obstruc- 
tion that might be in the pipe, such as sieves, sand, 
and gravel, etc. 

The quantity of water passing a given cross-section 
in the pipe in a unit of time is called the current. 
For example, if there was a uniform flow in the pipe 
of 300 gallons in one minute, the current would be 
300 gallons per minute, or 5 gallons per second. 

The three quantities — ^pressure, current, and re- 
sistance — are related in a very simple way, as seen 
from the above example, and this relation expressed 
in the form of an equation is : 

^ ^ pressure 

Current = -^-r- 

resistance 

It must be remembered that this equation does not 
hold in its strictest sense for the hydraulic problem, 
but will serve to illustrate the relation between the 
quantities associated with the electrical circuit which 
are discussed in the following section. 

Electrical and Hydraulic Circuits Compared. — The 
electrical circuit shown in Figure 3 is very similar to 
the hydraulic circuit shown in Figure 2. In the elec- 
trical circuit there is a source of electrical pressure 
— the generator, an electrical transforming device — 
the lamps, which corresponds to the water motor ; the 
wires, which serve to conduct the electricity as the 
pipes conduct the water ; and a switch, which controls 
the circuit in a manner similar to the control of the 
hydraulic circuit by means of the valve. The differ- 
ence in electrical pressure between any two points A 
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and B on the electrical circuit is a measure of the 
pressure required to cause a given quantity of elec- 
tricity to pass from one of the points to the other in a 
given time. This difference in pressure will depend 
upon the opposition offered by the circuit between the 
two points and the quantity of electricity passing 
between them in a given time. With an increase in 
the opposition offered by the electrical circuit there 
must be an increase in pressure in order to maintain 
constant the quantity flowing per unit of time. If, on 
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Figure 3. — Electrical Circuit. 




the Other hand, the pressure remains constant and the 
opposition to the flow increases or decreases, there will 
be a decrease or increase in the quantity of electricity 
passing a given cross-section of the circuit in a given 
time. 

The opposition offered by the material composing 
the electrical circuit to the flow of electricity through 
it is called the resistance of the circuit, and it is meas- 
ured in a unit called the ohm. (See Chapter VI for a 
complete discussion of resistance.) 

The rate at which the electricity moves in the elec- 
trical circuit is called the current. The unit quantity 
of electricity is the coulomb, and if the rate of flow is 
such that one coulomb passes a given cross-section in 
one second, there is said to be a current of one ampere. 
(See Chapter VII for a complete discussion of 
current.) 

Since every part of the electrical circuit offers re- 
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sistance to the flow of electricity, there must be some 
force, or pressure, to overcome this resistance and 
maintain the current. This force is the electromotive 
force, or electricity moving force, and it is measured 
in a unit called volt. (See Chapter VII for a complete 
discussion of electrical pressure.) 

There are a number of ways of generating an elec- 
tromotive force, e.m.f. (abbreviated), the two most 
common being, perhaps, the chemical generation in 
the primary cell and the mechanical generation, by 
the process of electromagnetic induction, in the gen- 
erator. It must be clearly understood that electro- 
motive force does not create electricity but simply 
imparts energy to it, as a mechanical force may impart 
energy to a body by producing motion. Electromo- 
tive force can exist without producing a current, just 
as a mechanical force can exist without producing 
motion. 

Conductors and Insulators. — All materials will con- 
duct electricity if sufficient electrical pressure be ap- 
plied, but the degree to which some materials conduct, 
as compared to others, is quite different. For exam- 
ple, the opposition offered by a piece of copper to the 
flow of electricity through it is much less than a piece 
of glass of equal dimensions. As a result of this 
difference in conducting properties, materials are 
grouped in two main classes: conductors and insu- 
lators. An insulator then is a material which offers a 
high opposition to the flow of electricity through it, 
as compared to another material called a conductor. 
The two terms are only relative and there is no marked 
division between conductors and insulators. 

Electromotive Force and Potential Difference. — 
The electromotive force in any electrical circuit is the 
total generated electrical pressure acting in the circuit, 
while the potential difference is the difference in elec- 
trical pressure between any two points in the circuit. 
The electricity as it passes along a conductor loses its 
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energy; hence, between any two points in the circuit 
there will be a diflference in energy or potential pos- 
sessed by the electricity. For example, in overcoming 
the resistance of the circuit between the points A and 
B, Figure 3, the electricity will lose some of its 
energy and will, therefore, have less potential at B 
than at A, or, in other words, there is a diflference in 
potential between the points A and B. This diflference 
in pressure in the electrical circuit is analogous to the 
difference in pressure between two points along the 
hydraulic circuit. This difference in potential, p.d. 
(abbreviated), is due to the current through the resist- 
ance for, when the current stops, the difference in 
potential will no longer exist. The potential differ- 
ence between any two points is measured in the same 
unit as electromotive force, namely, the volt. 

The difference in electrical pressure between two 
points on an electrical circuit is often called the 
voltage, or copper drop, between the points. 

Ohm's Law. — Current, electrical pressure, and re- 
sistance are always present in every active circuit and 
there is a simple, but very important, relation connect- 
ing them. This relation was discovered by Dr. G. S. 
Ohm about 1827 and has, as a result, been called 
Ohm's Law. Dr. Ohm discovered by experiment that 
the difference in electrical pressure between any two 
points on an electrical circuit is strictly proportional 
to the current, all other conditions remaining constant. 
This discovery expressed in the form of an equation 
would read as follows : 

electrical pressure = constant X electrical current 

The constant in the above equation was found to 
change in value directly as the resistance or opposi- 
tion of the circuit, so, by a proper selection of the 
value of the units in which to measure the electrical 
pressure, electrical current, and electrical resistance, 
the above equation may be rewritten as follows : 
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electrical pressure = electrical resistance X electrical 

current 

Substituting the units in which the above quantities 
are measured, the equation may be written as follows : 

volts = ohms X amperes 

The symbols usually employed in representing volts, 
ohms, and amperes are E, R, and /, respectively. Sub- 
stituting these symbols for the quantities in the above 
equation gives 

E = RXI (a) 

Other forms in which the above equation may be 
written are as follows: 

volts 
amperes = 



ohms 
E 



R 

or 

volts 



(b) 



ohms= 



amperes 



B=7- (c) 

All of the above relations hold true for all or any part 
of a circuit composed of metals and electrolytes, but 
it does not seem to be true for gases under certain 
conditions, nor for insulators. 

Examples. — 1. The resistance of a circuit is 50 ohms. What 
current will a pressure of 110 volts produce in the circuit? 

Solution. — Substituting the values of the resistance and pres- 
sure in equation (b) as given above, we have 

T 110 on 

/ = -gQ- = 2.2 amperes 
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2. What pressure is required to produce a current of 22 
amperes in a circuit having a resistance of 6 ohmsf 

Solution. — Substituting the values of current and resistance 
in equation (a) as" given above, we have 

E = 6 X 22 = 132 volts 

Electrical Work and Energy. — In general terms, a 
force is that which produces or tends to produce a 
change in motion ; thus a force must always be applied 
to a body to cause it to move, and a force must be 
again applied to cause it to come to rest. A force 
does not always produce motion, but only tends to 
produce it, as when you push on a brick wall you 
apply muscular force, but there is no motion of the 
wall. There are a number of different kinds of force, 
the most common of which are as follows: gravita- 
tional force, as a result of which all bodies fall from 
a higher to a lower level ; mechanical force, which may 
be produced by the expansion of steam in the engine 
cylinder; and electrical force, or that force which 
produces or tends to produce a movement of elec- 
tricity. Electrical force is commonly produced in the 
primary battery or by an electrical generator. 

When a force overcomes a certain resistance, work 
is done ; or work is the result of the action of a force. 
It must be understood, however, that a force may 
exist without any work being done. Thus, a generator 
may be generating an electrical force, but if it is not 
sufficient to overcome the electrical resistance between 
the terminals of the machine, no current is produced 
and, therefore, the generator is not doing any work. 
If, however, the armature of the generator be made 
part of a closed electrical circuit, a current will be 
produced and, as a result, the generator will do work. 

Energy is the ability to do work. Electrical energy, 
then, is the ability to do electrical work, but it is 
measured in the same units as work, it being numeric- 
ally equal to the work done. For example, if in the 
hydraulic circuit, Figure 2, a pressure of 100 pounds 
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is acting on the entire circuit and 25 poilnds of water 
pass through the circuit, then the work done is equal 
to the product of the pressure and the quantity 
moved, or 

100 X 25 = 2500 foot-pounds 

The relation between quantity and pressure in the 
electrical circuit is identical to the above relation for 
the hydraulic circuit. For example, if there is an 
electrical pressure of 110 volts acting on an electrical 
circuit and 10 coulombs of electricity pass through the 
circuit, then the work done will be equal to the product 
of the pressure and the quantity moved. 

The energy of the water in the hydraulic circuit is 
increasing if it is passing from a given pressure to a 
higher pressure and, likewise, it is decreasing if it is 
passing from a given pressure to a lower pressure. 
In the hydraulic circuit. Figure 2, the energy of the 
water is decreasing as it passes from the outlet 
around the circuit and again returns to the pump, 
where enei^ is again imparted to it by the action of 
the pump or its pressure is raised. The loss in enei^y 
between any two points at various positions along the 
circuit will bear the same relation to each other as 
exists between the corresponding differences in pres- 
sure. Thus, if the difference in pressure as indicated 
by gauges G^ and tr., is 80 pounds and the total pres- 
sure produced by the pump is 100 pounds, then the 
work done by the pump will be divided between the 
water motor M and the remainder of the circuit in 
the ratio of 80 to 20 units. It is always desirable to 
have as large a part possible of the total pressure 
produced by the source act on the useful part of the 
circuit, for the remaining pressure does no useful 
work. 

The energy possessed by a certain quantity of elec- 
tricity is increasing when it is passing from a lower to 
a higher electrical level and decreasing when it is 
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passing from a higher to a lower electrical level. The 
electrical level of a point is always measured with 
reference to some other point chosen arbitrarily as a 
reference point and it is expressed in the same unit as 
electrical pressure. A voltmeter, having one terminal 
connected to the reference point and the other con- 
nected to the point whose electrical level is to be deter- 
mined, will give an indication which may be called the 
electrical level of the point. In electrical circuits it is 
not the electrical level of any one point that is of 
service, but it is the difference in electrical level be- 
tween any two points, just as in the hydraulic circuit 
it is the difference in pressure between two points that 
is of greatest use rather than the pressure at any one 
point. 

Unit of Electrical Work or Energy. — The joule, the 
unit of electrical work or enei^, is the amount of 
work done in raising one coulomb of electricity 
through a difference in electrical level of one volt. 
Work is always independent of time, namely, it will 
require the same amount of work to raise a given 
quantity of matter a given height in feet in one hour 
as would be required to raise it the same height in two 
hours. 

The name for the mechanical unit of work is usually 
a compound word in which one of the parts is a force 
unit and the other part a distance unit. The unit 
most commonly used is the foot-pound — the pound 
being the unit of force and the foot the unit of 
distance. 

The quantity of electricity in coulombs flowing 
through an electrical circuit in a given time is equal 
to the product of the current in amperes and the time 
in seconds. Hence, in order to compute the work 
done in an electrical circuit, the current in amperes 
must first be multiplied by the time in seconds to 
obtain the quantity in coulombs, and this product in 
turn multiplied by the electrical pressure through 
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which the quantity of electricity is raised. "Work and 
energy are usually represented by the symbol W. 

Example, — ^Determine the work done or the energy expended 
by a source of electrical pressure of 110 volts in producing a 
current of 10 amperes for 50 seconds. 

Solution. — ^The quantity in coulombs of electricity moved is 
equal to the product of the current in amperes and the time in 
seconds, or 

10 X 50 = 500 coulombs 

The work done, or energy expended, in joules is equal to the 
product of the quantity in coulombs and the difference in elec- 
trical pressure in volts through which it is moved, or 

500 X 110 = 55,000 joules 

The above operations are usually combined in a single equa- 
tion as follows: 

joules = volts X amperes X time (in seconds) 

Electrical Power, — ^Power is the rate of doing work, 
or the rate at which energy is expended. The unit of 
electrical power is a unit of electrical work performed 
in a unit of time, or a joule per second, and it is called 
the watt. Power is represented by the symbol P. 

- ^ . , electrical work 

electrical power = 7: 

time 

W 

Substituting the value of the electrical work, as given 
in terms of current, pressure, and time in the previous 
section, in the above equation, we have 

- ^ . , volts X amperes X time 

electrical power = rr^- 

time 

watts = volts X amperes 
P=EI 
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One watt, therefore, equals a current of one ampere 
under a pressure of one volt, or any combination of 
volts and amperes whose product is unity. The above 
equation for power may be rewritten so as to give the 
pressure in terms of power and current, and the cur- 
rent in terms of power and pressure, as follows : 

,^ watts 
volts = 



amperes 

and 

watts 
amperes = — rr— 

Examples, — 1. A direct-current generator supplies 25 am- 
peres to a 110-volt motor. How many watts does the motor 
consume ? 

Solution. — Substituting directly in the above equation, which 
gives the value of the power in watts, in terms of current and 
pressure, we have 

P = 110 X 25 = 2,750 watts 

2. A certain group of incandescent lamps take 1,200 watts 
from a 115-volt direct-current circuit. What current do the 
lamps take! 

Solution. — Substituting directly in the above equation, which 
gives the value of the current in amperes, in terms of the power 
and pressure, we have 

i=-TTg- = 10.4 -j- amperes 

3. What pressure is required to operate a 500-watt electrical 
heater if it takes a current of 2 amperes f 

Solution. — Substituting directly in the above equation, which 
gives the pressure in volts, in terms of the power and current, 
we have 

^ 500 

E = -g- = 250 volts 
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Mechanical and Electrical Horsepower. — The horse- 
power any machine is developing is equal to the foot- 
pounds of work done per minute divided by 33,000, or 
the foot-pounds of work done per second, divided by 
550. 

One watt is equal to .7376 foot-pounds per second, 
or one foot-pound per second is equal to 1.356 watts. 
Since the mechanical horsepower is equal to 550 foot- 
pounds per second, an electrical equivalent rate of 
doing work would be 

550 -T- .7376 = 746 watts = 1 electrical horsepower 

Hence, to change from mechanical horsepower to elec- 
trical units multiply by 746, or 

watts = horsepower X 746 

To change power in watts to horsepower divide by 
746, or 

horsepower = watts -t- 746 

Example. — ^What is the horsepower output of a generator 
when it is delivering a current of 120 amperes at a pressure of 
110 volts? 

Solution. — The output in watts is equal to the product of the 
current and pressure, or 

output = 120 X 110 = 13,200 watts 

and the output, in watts, divided by 746 is the output in 
horsepower, or 

output = 13,200 -5- 746 = 17.6 + horsepower 

Larger Units of Work or Energy. — The joule is a 
small unit of electrical work or energy and, as a result, 
larger units are usually used in practice, such as the 
watt-hour and kilowatt-hour. One watt expended for 
one hour is one watt-hour, and 1000 watts, or a kilo- 
watt, expended for one hour is a kilowatt-hour. "Work 
and energy may be measured in any unit which is a 
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combination of a power and time unit. The watt-hour 
is equivalent to 3600 watt-seconds or 60 watt-minutes. 

Watt-hours = watts X hours 

Kilowatt-hours = kilowatts X hours 

The dials of the watt-hour meters used by the central 
station companies usually record the energy supplied 
to the consumer for lighting or power purposes in 
watt-hours or kilowatt-hours. 

Example. — ^A certain group of lamps takes a current of 30 
amperes from a 110-volt circuit. What will it cost to operate 
these lamps for 6 hours if the central station company charges 
10 cents per kilowatt-hour f 

Solution. — The power in watts taken by the lamps is equal to 
the product of the pressure and current, or 

power = 110 X 30 = 3,300 watts 

The energy input to the lamps in watt-hours is equal to the 
product of the power in watts and the time in hours, or 

energy input = 3,300 X 6 = 19,800 watt-hours 

The input in kilowatt-hours is equal to the above divided by 
1,000, or 

19,800 -5- 1,000 = 19.8 kilowatt-hours 

The cost of 19.8 kilowatt-hours at 10 cents per kilowatt-hour 
will be 

19.8 X 10 = 198 cents, or 1.98 dollars 

Connecting Electrical Pressure in Series and Paral- 
lel. — If two pumps Pi and Pg be connected as shown 
in Figure 4, they are said to be in series. The total 
pressure produced by the two will be equal to the 
algebraic sum of the pressures produced by the re- 
spective pumps. If both pumps are producing a pres- 
sure in the same direction, the total pressure is equal 
to the sum of the individual pump pressures; while, 
if the pumps are producing pressure in the opposite 
directions, the total pressure, or effective pressure, 
will be equal to the difference between the individual 
pump pressures. In general, the resultant or effective 
pressure in such a circuit is equal to the difference 
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between the sum of the pressures acting in one direc- 
tion and the sum of the pressures acting in the oppo- 
site direction, and the direction of this effective pres- 
sure will correspond to that of the larger sum. 

Likewise, if several electrical pressures be connected 
in series — as indicated in Figure 5, which represents 
several cells B^, B^, and Bg— the effective electrical 
pressure is equal to the sum of the individual electrical 
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Figure 4. — Pump in Series. 



Figure 5. — Batteries in Series. 



pressures when they all act in the same direction 
around the circuit. If, however, some of the pressures 
act in one direction and some in the other, the effect- 
ive pressure is equal to the difference between the sum 
of the pressures acting in one direction and the sum 
of the pressures acting in the reverse direction, and 
the direction of this effective pressure will correspond 
to that of the larger sum. 

If two pumps Pi and Pg be connected as shown in 
Figure 6 and the water pumped by the two combines 
to form the current in the main part of the circuit, 
they are said to be connected in parallel or multiple. 
With such a connection the pressure over all the 
pumps is the same, but the water the combination is 
capable of supplying exceeds that of a single pump. 
The water supplied by each of the different pumps 
will be equal in volume if all the pumps are identical 
in construction and they are each producing the same 
pressure. A part of the pressure produced by each 
pump is used in causing the water to flow through 
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the pump itself and, as a result, the pressure between 
the inlet and the outlet will be less than that actually 
produced by the pump when there is a current of 
water through the pump. When a number of pumps 
are connected in parallel, the total current will divide 




Figure 6. — Pumps in Parallel. 

between the several pumps in such a manner that the 
pressure over all the pumps is the same. If one pump 
offers a greater opposition to the flow than another 
and their generated pressures are the same, it cannot 
supply as large a current as the other on account of 
its terminal pressure dropping faster per unit current. 
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Figure 7. — Batteries in Parallel. 

If several electrical pressures be connected as indi- 
cated in Figure 7, which represents several cells B^, 
B^y and B^ in parallel, the pressure between the ter- 
minals of each branch of the circuit is the same for all 
branches, but the current the combination is capable 
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of supplying is equal to the combined capacities of 
the several branches. If each branch is composed of 
the same number of cells and they all have the same 
characteristic — ^namely, the same electrical pressure 
and ofifer the same opposition to the current — the cur- 
rent in the different branches will be equal. When 
the cells have different characteristics, the division of 
current will be such that the difference in electrical 
pressure between the terminals of the several branches 
are equal. 

The opposition offered by a cell to the flow of elec- 
tricity through it is called its internal resistance. It 
is not constant in value, but depends upon the chem- 
ical condition of the cell, upon the current that the 
cell is supplying, and upon the duration of current 
supply, etc. 

Connecting Resistances in Series. — ^When several re- 
sistances are so connected that there is only one path 
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Figure 8. — Series Hydraulic Circuit. 

for the current in passing through all of them, they 
are said to be connected in series. The three sections 
of pipe Pi, p2, and Pg, Figure 8, are connected in 
series, and the total resistance of the combination is 
equal to the sum of the resistances offered by the sev- 
eral sections. Two resistances R^ and R2 are con- 
nected in series. Figure 9, and the combination is 
connected to the terminals of a battery composed of 
two dry cells. It is apparent the current has only 
one path from the positive to the negative terminal of 
the battery. These resistances may be of widely dif- 
ferent values and composed of different materials, but 
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the total resistance of the combination is equal* to the 
sum of the resistances of the various parts. 
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Figure 9. — Series Electrical Circuit. 

There are four facts concerning every series circuit : 

(1) The current is uniform throughout the series 

circuit. 

(2) The difference in pressure over the different por- 

tions of a series circuit are proportional to 
resistances of these portions. 

(3) The total resistance is the sum of the individual 

resistances. 

(4) The effective electrical pressure is equal to the 

algebraic sum of all the pressures acting in 
the circuit. 

Connecting Resistances in Parallel or Multiple. — 
When several resistances are so connected that there 
are as many paths for the current as there are con- 
nected resistances, the resistances are said to be con- 
nected in parallel. For example, in Figure 10 the 
three pipes P^, Pg, and Pg are each conveying water 
from the tank T^ to the tank T^ — which is at a lower 
level — independent of each other and they are said to 
be connected in parallel. It is obvious that the cur- 
rent of water entering tank Tg or leaving tank T^ is 
equal to the sum of the currents in the three pipes. 
Now, since the same pressure is acting on each of the 
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pipes and they are jointly carrying a greater current 
than either carries, their combined resistance must be 
less than that of any one of the pipes. 

In computing the resistance of a number of differ- 
ent resistances connected in parallel, use is made of a 
property of the circuit called its conductance, which 
is numerically equal to one divided by the resistance. 




Figure 10. — Parallel Hydraulic Circuit. 

In other words, the conductance of a circuit is its 
ability to conduct electricity and it is measured in a 
unit called the mho. The conductance of a number of 
resistances connected in parallel is equal to the sum 
of the conductances of the several resistances. If the 
combined resistance of a number of resistances in 
parallel be represented by R, and the individual re- 
sistances by R^, R2, Rsf etc., then we may write the 
following equation, which gives the resultant con- 
ductance : 

i=i-+J.+-i+ 

r> r> lr>i^r>l^ 



R R^ R. 



R. 



If the three resistances, Figure 11, have values of 
4, 6, and 12 ohms, respectively, the conductance of the 
combination will be 



1 
R 

1 
R 
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6+4 + 2 
24 



12 1 , 

24 = 2^^" 
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The resistance is equal to the reciprocal of the con- 
ductance, hence 

i2^2ohnis 

Parallel or divided circuits are used quite fre- 
quently in connection with certain measuring instru- 
ments. For example, the moving system of ammeters 
oftentimes carries only a small part of the total cur- 
rent in the main circuit, as it is connected in parallel 
with a resistance, called a shunt, of much lower value. 
The values of the current in the various branches of 
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Figure 11. — Three Resistances in Parallel. 

a divided circuit have a definite relation to each 
other, which is the reverse of that existing between the 
resistances of the different branches — ^the lowest resist- 
ance branch carrying the larger current and the high- 
est resistance branch carrying the smallest current. 
Combiriation of Series and Parallel Connection. — A 
number of resistances may be connected in such a way 
that some of them are in parallel with others, or some 
of them may be in series with others, or a combination 
of series and parallel connections may be formed. Six 
different resistances are shown connected together in 
Figure 12 and the combination in turn to the ter- 
minals of a two-cell battery. The resistances, for 
convenience, will be referred to as B^, Rz, Rs, R4, R^, 
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and R^, respectively, and let us assume they have 
values of 5, 10, 6, 5, 7, and 6 ohms each. It will be 
seen, from an inspection of the scheme of connections, 
that the resistances R^ and R2 are in series and form 
one path between the points A and B; that the resist- 
ances i^4 and Rji are in series with each other and the 
combination is in parallel with the resistance R^ and 




Figure 12. — Combination of Series and Parallel Circuits. 

that the combination of R^, Bg, and B^, is in series with 
the resistance R^ and forms another path between the 
points A and B. 

Let B represent the resistance of the upper branch 
between A and B; B2 the resistance of the upper 
branch between C and B; B^ the resistance of the two 
branches between C and B; B^ the resistance of the 
lower branch between A and B; R the total resistance 
between A and B; then 

5i = jBi + 7^2 = 5 + 10=15 ohms 

B^=R^ + R^ = 5+ 7 = 12ohms 

1 



1.1 1 1, 
= 12 + 6=4^^" 



- = - + 
B3 B2 Rq 

Bg = 4 ohms 

S^=B3-f B3 = 6 + 4=10ohms 

1 1,1 1,11, 
S=b: + b; = 10 + 15 = 6°^" 

B = 6ohms 



CHAPTER II 

MAGNETISM, ELECTROMAGNETISM, AND ELECTRO- 

MAGNETIC INDUCTION 

MAGNETISM 

Magnetism and the Magnet. — Certain bodies have 
the property of attracting to themselves pieces of iron 
and steel, and this property is called magnetism, while 
the bodies themselves are called mxignets. The an- 
cients discovered that certain black stones, found at 
Magnesia in Asia Minor, possessed the property of 
attracting pieces of iron, and they called the bodies 
magnets. The magnet found by the ancients is an 
ore of iron, and its chemical composition is Pe304. It 
is found in quite large quantities in different parts of 
the world, but not always in the magnetic state. 

Natural and Artificial Magnets, — A natural magnet 
is a body possessing magnetic properties as found in 
nature, and no special treatment is necessary in order 
to impart magnetism to it. 

An artificial magnet is a body possessing magnetic 
properties due to a special treatment, such as being 
placed in contact with a natural magnet or placed 
under the influence of another magnet or an electric 
current. Artificial magnets, however, may be made 
very strong in comparison to the natural magnets and 
they are very extensively used in the construction of 
electrical instruments and equipment. A natural mag- 
net and an artificial magnet are shown in Figures 
13 and 14, respectively. 

Poles of a Magnet. — If a magnet, such as the one 
shown in Figure 14, be freely suspended or supported 
so it may turn in a horizantal plane, it will be found 
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that one end will point approximately north and the 
other approximately south. A magnet, when it is 
used in this way, is called a compass needle, but it 
usually has its two ends pointed. The end of the 





Figure 13. — Natural Magnet. Figure 14. — ^Artificial Magnet. 

magnet pointing approximately north has been called 
the norih^seeking, or north pole, and it is usually des- 
ignated by the letter N. The other end is called the 
south-seeking, or south pole, and it is usually desig- 
nated by the letter S. 

If a magnet be dipped in a box of iron filings and 
then carefully removed, there will be a large mass of 
filings adhering to the ends or certain parts of the 
magnet, as shown in Figures 13 and 14. The mag- 
netic force which holds the filings to the magnet is 
supposed to originate at what are called the poles of 
the magnet, which are, for simplicity in calculations, 
considered as being located at certain definite points 
in the magnets. 

Magnetic Substances, — Any substance which is at- 
tracted by a magnet is called a magnetic substance. 
Iron and steel are the only two substances which are 
attracted to any great extent. Cobalt and nickel, 
however, are attracted by a strong magnet. Some 
substances, such as bismuth and antimony, are re- 
pelled instead of being attracted, but the action is 
very slight. It has been discovered in recent years 
that certain alloys can be made from non-magnetic 
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substances, such as copper, aluminum, and magne- 
sium, which are very decidedly magnetic. These com- 
binations are known as Heussler cMoys. 

Action Between Magnetic Poles. — If the two poles 
of a magnet be presented in turn to the north point- 
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Figure 15. — Action of Like Poles on Each Other. 

ing pole of a suspended magnet, it will be observed 
that there is an attraction between the poles with the 
one combination and a repulsion between them with 
the other combination. The polarity of the ends of 
each magnet should be determined before the experi- 
ment is performed and the poles properly marked. 
It will be observed, if the poles near each other are 
of the same polarity, that there will be a force of 
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Figure 16. — Action of Unlike Poles on Each Other. 

repulsion between them, as shown in Figure 15. If, 
on the other hand, the two poles near each other are 
not of the same polarity, there will be a force of attrac- 
tion between them, as shown in Figure 16. The 
results of the above observations may be summarized 
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in a general law, as follows: Like magnetic poles 
repel each other and unUke magnetic poles attract 
each other. 

Magnetic Indtiction. — ^Magnetism may be communi- 
cated to a magnetic substance by a magnet without 
their coming into actual contact. If a small rod of 
soft iron, which possesses no magnetism, be thrust 
into a pile of fine iron filings and withdrawn, no 
appreciable quantity of the filings will adhere to the 
rod. If, however, one end of the rod be thrust into 
the filings, and the pole of a magnet brought near the 
other end, and the rod then removed from the filings, 
keeping the pole of the magnet near its end but not 
touching, a large quantity of filings will cling to the 
end of the rod. When the pole of the magnet is 
removed, the filings will drop from the end of the 
rod, which indicates the magnetism possessed by the 
rod is due to the presence of the magnetic poles of 
the permanent magnet. 

Several soft iron nails may be suspended froln the 
end of a bar magnet, as shown in Figure 17, but if 




Figure }7. — Induced Magnetism. 

the magnet is carefully removed from the upper nail, 
all the others will fall away from each other, thus 
showing the nails are only magnets when they are 
under the influence of the bar magnet. Magnetism 
which is produced in bodies in the above ways by the 
presence of magnets either in contact or not, is called 
induced magnetism. 

If the polarity of the induced magnetism be tested 
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by a magnet whose polarity is known, it will be found 
that the adjacent poles are unlike ; that is, the end of 
the nail in contact with the bar magnet is of opposite 
polarity to the pole of the magnet. The end of the 
nail not in contact with the magnet is of the same 
sign as the pole of the magnet with which the nail 
is in contact. The process of producing magnetism 
in a body by placing it in contact with the magnet, 
or near it, is called nuignetic induction. 

The fact that a magnet attracts all magnetic mate- 
rials is explained by means of magnetic induction, 
for the magnet first magnetizes the material by induc- 
tion so that the near poles are unlike, and, as a result, 
there is a force of attraction. There is also a force 
of repulsion between the like poles, but since the 
unlike poles are closer together than the like poles, 
the force of attraction overbalances the force of 
repulsion and the material is drawn toward the 
magnet. 

Unit Magnet Pole. — ^A unit magnetic pole is one 
of such a strength that when placed one centimeter 
from an equal and like magnetic pole there will hs 
a force of repulsion of one dyne between them. The 
magnetic poles are considered as being concentrated 
at points and are called point poles. 

The force in dynes acting between any two mag- 
netic poles, of equal or unequal strengths M^ and M2 
and of like or unlike polarity, when placed a distance 
of d centimeters apart, is given by the equation 

. . . M, X M, 

force m dynes = -r; — 

a' 

The force will be one of repulsion when the poles 
are of the same polarity, and one of attraction when 
they are of unlike polarity. In the above cases, the 
medium separating the two poles is assumed to be 
air, and the resultant action is different for mediums 
having a permeability other than unity. 
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Lhies of Force. — If it were possible to completely 
separate a north magnetic pole from its corresponding 
south pole, and we were to place this north pole near 
the north pole of a bar magnet, it would move over 
to the south pole of the magnet along a curved path 
similar to the one shown in Figure 18. The path of 
the north pole is curved, due to the combined action 
of the north and the south poles of the bar magnet, 
the one repelling and the other attracting it ; and the 
effect of each of these poles upon the independent pole 
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Figure 18. — Dine of Force. 

is continuously changing, due to their distance from 
it changing. 

Any path which a north magnetic pole will take in 
going from a north pole to a south pole corresponds to 
a line of magnetic force. 

Magnetic Field. — The entire region surrounding a 
magnet where a magnetic substance will be acted upon 
by a magnetic force, when placed in the region, is 
called a magnetic field. There are two properties 
possessed by every magnetic field which are of com- 
mon interest, namely, the direction of the field and 
the strength of the field. 

The direction of any magnetic field is determined 
by placing a unit north magnetic pole in the field and 
noting the direction of the magnetic force acting on 
the pole, which has been taken arbitrarily as the direc- 
tion of the field. The direction of all magnetic fields 
produced by a magnet will always be from the north 
pole to the south pole. 

The strength of a magnetic field at a given point is 
numerically equal to the force in dynes which would 
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act on a unit north pole if placed at the point in 
question. 

Magnetic fields are thought of as being composed 
of a large number of imaginary lines of force, and 
they are represented graphically by drawing lines 
about the magnet from the north to the south pole 
in such a manner that the direction of the lines at 
each point corresponds to the direction of the field at 
the point, and the number of lines per unit area per- 
pendicular to their direction corresponds to the 
strength of the field at that particular point. The 
magnetic field surrounding a bar magnet is shown in 
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Figure 19. — Magnetic Field About a Bar Magnet. 

Figure 19. If a piece of paper be placed over a bar 
magnet and iron filings sprinkled on the paper, they 
will arrange themselves, when the paper is gently 
tapped, into definite lines whose direction corresponds 
to the direction of the field. Magnetic lines are sup- 
posed to possess two properties, first, a tendency to 
shorten themselves and, second, they repel each other. 
The action between like and unlike poles can be ac- 
counted for by assuming the magnetic lines to possess 
the above properties. 

Distortion of Magnetic Field, — The direction of a 
magnetic field is influenced by the presence of material 
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having dlEfereat magnetic properties. If a magnetic 
substance, such as a piece of soft iron, be introduced 
into a magnetic field that exists in air, the form of 
the field will be changed because the material is a 
better conductor of magnetic lines than air and, there- 
fore, the lines crowd into the material. There will 



Figure 20.— Distorted URgnetlc Field. 

be a greater number of lines per unit area in the iron 
than there is per unit area in the air, the areas being 
taken perpendicular to the direction of the lines in 
each ease. A distorted field is shown in Figure 20, 

All materials that conduct magnetic lines better 
than air are called paramagneiic, and all materials 
that do not conduct as well as air are called diamag- 
netic. 

EZ3 l^~^ i»~j1 

Ftgure 21. — Poles Formed Wbere Magnet Is Broken. 

Magnetic Screen. — It is impossible to confine the 
magnetic lines forming a magnetic field to a definite 
path, as in the case of an electric current, for there 
is no insulator for magnetism as there is for tiie 
current. The influence of a magnetic field is often- 
times detrimental to the satisfactory operation of an 
electrical instrument, or other devices, and in such 
cases the effect of the field is reduced by surrounding 
the instrument or device with a housing of soft iron 
which conducts practictdly all of the lines that orig- 
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inally passed through the space occupied by the 
instrument or device. Such a housing is called a 
magnetic shield, or screen. In special cases several 
such screens are placed inside each other, each inner 
one serving to conduct the greater part of the lines 
not conducted by the screens outside of it. 

Applications of Permanent Magnets. — Permanent 
magnets are very extensively used in the construction 
of electrical measuring instruments and other elec- 
trical devices. Two typical forms of permanent mag- 
nets are shown in Figure 22. The magnet at the left 





Figure 22. — Typical Forms of Permanent Magnets. 



is similar to the one used in Weston direct-current 
instruments, and the one to the right is similar to 
the magnets used as damping magnets in watt-hour 
meters. 

ELECTROMAGNETISM 

Magnetic Field About a Conductor in Which There 
Is a Current. — If a compass needle be brought near 
a horizontal conductor in which there is a current of 
electricity, it will be acted upon by a magnetic force 
which will tend to turn the needle so it will be at 
right angles to the axis of the conductor. The posi- 
tion occupied by the compass needle, when it comes 
to rest, will change with a change in the value of the 
current in the conductor and also with a change in 
the distance between the compass needle and the con- 
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ductor. If the current in the conductor be reversed 
in direction and adjusted to exactly the same value 
as in the previous case, the deflection of the compass 
needle will be changed by approximately 180 degrees. 
The above experimentaUy determined facts prove: 
First, there is a magnetic field surrounding a con- 
ductor in which there is a current; second, the 
strength of the field produced by the current depends 
upon the value of the current; third, the strength 
of the field produced by the current varies with the 
distance from the conductor; and fourth, there is a 
definite relation between the direction of the magnetic 
field and the direction of the current in the conductor. 
Magnetism set up in this way by an electric current 
is called electromagnetism. Assuming the direction 
of current in the conductor corresponds to the arrow 
parallel to the conductor in Figure 23, then the north 
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BMgure 23. — ^Magnetic Field About a Conductor Acting on a 

Compass Needle. 

and the south poles of the compass needle will move 
in the direction of the curved arrows. 

Direction of Magnetic Field About a Straight Con- 
ductor in Which There Is a Current, — The direction 
of a magnetic field produced by a conductor is deter- 
mined in exactly the same manner as the direction 
of a field due to a permanent magnet, namely, by 
noting the direction in which a north pole is urged 
when placed in the field. If a magnetic needle, which 
is suspended in such a manner that it is free to turn 
in all directions, be placed in a magnetic field, it 
will come to rest with the axis of the needle parallel 
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to the direction of the field and the north pole will 
point in the direction of the field. 

The direction of the magnetic field surrounding a 
conductor in which there is a current, as determined 
by a compass needle, is shown in Figure 24. If a 
conductor in which there is a current be passed 




♦ Figure 24. — Direction of the Magnetic Field About a Conductor in 

Which There Is a Circuit 

through a sheet of paper and iron filings sprinkled 
on the paper, they will arrange themselves in more 
or less regular concentric circles, when the paper is 
gently jarred, as shown in Figure 25. 

There are a number of simple methods of remem- 
bering the relation between the direction of a current 
in a conductor and the direction of the magnetic field 
due to the current. A very simple rule known as 




Figure 25. — Magnetic Field Formed from Iron Filings. 

the '* right-hand rule" is as follows: Grasp the con- 
ductor with the right hand, the thumb being placed 
along the conductor and the fingers around the con- 
ductor; then the fingers will point in the direction 
of the magnetic field when the thumb points in the 
direction of the current in the conductor. 
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If a person looks along a conductor carrying a 
current in the direction of the current, the direction 
of the magnetic field surrounding the conductor will 
be clockwise. Two methods of representing the direc- 
tion of a magnetic field in relation to the direction 
of the current are given in Figure 26. A cross- 
section of the conductor is shown in each case, and 

(((0))) 

Fl^re 26. — Direction of Magnetic Field About a Conductor as 
Related to the Direction of the Current. 

a current from the observer is indicated by a plus 
sign, while a current toward the observer is indicated 
by a minus sign. The field is indicated as being 
clockwise in one case and counter-clockwise in the 
other. 

Solenoid. — If a conductor, carrying a current, be 
bent into a form similar to that shown in Figure 27 
and a compass needle placed midway between the 





Figure 27.— Increasing the Magnetic Effect of the Current in a 

Conductor. 

horizontal portions, it is apparent that the forces 
exerted on the needle, due to the current in the upper 
and the lower portions of the conductor, will be in 
the same direction. The effect of the two parts will 
be just double that produced by either part acting 
alone. Hence, if the conductor be coiled about the 
needle, each additional turn will produce an addi- 
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tional force tending to turn the needle from its normal 
position. The magnetic effect of any current can be 
greatly increased in this way. 

A cross-section through a single turn of wire car- 
rying a current and the magnetic field surrounding 
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Figure 28. — Magnetic Field About a Coil of One Turn. 

the turn are shown in Figure 28. The current is 
away from the observer in the upper part of the wire 
and toward the observer in the lower part of the wire, 
which results in the direction of the magnetic field 




Figure 29. — Magnetic Field About a Coil of Several Turns, 

about the upper part being clockwise and about the 
lower part counter-clockwise. It is apparent that the 
direction of the magnetic field between the upper and 
the lower cross-sections of the wire is toward the left, 
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and all the lines surrounding the wire pass through 
the coil in the same direction. The magnetic field is 
stronger in the center of the turn than it is outside, 
which is indicated by a larger number of lines of 
force per unit of area, as shown in the figure. 

If the number of turns forming the coil be in- 
creased, the strength of the magnetic field inside the 
coil will be increased, since the lines of force that sur- 
round each turn seem to pass around the entire 
winding instead of passing around the individual 
turns. A cross-section through a coil composed of 
several turns is shown in Figure .29. A few of the 
lines encircle the individual turns, but the greater 
portion pass entirely through the center of the coil 
and around all the turns. Such coils are called 
solenoids. 

Polarity of Solenoids. — A solenoid carrying a cur- 
rent exhibits all the magnetic effects that are shown 
by permanent magnets. They attract and repel mag- 
nets, pieces of iron and steel, other solenoids, etc. 
The magnetic lines pass through the solenoid from 




Figure 30. — How to Determine the Polarity of a Solenoid. 

the south pole to the north pole and outside the 
solenoid from the north pole to the south pole, just as 
in a permanent magnet. 

A simple method by which the polarity of a solenoid 
may be determined, if the direction of the current in 
the winding is known, is as follows: Grasp the 
solenoid with the right hand, placing the fingers 
around it in the direction of the current, the thumb 
will then point in the direction of the north pole, as 
shown in Figure 30. 
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The action of a solenoid on a compass needle is 
shown in Figure 31. 





Figure 31. — ^Action of a Solenoid on a Compass Needle. 

Magnetomotive Force. — ^When a current of elec- 
tricity is produced in the winding of a solenoid, it 
becomes magnetized and lines of force pass through 
its interior from the south to the north pole and 
return outside from the north to the south pole. The 
current sets up a force which drives the lines of force, 
called magnetic flux, through the path which they 
take, called the mxignetic circuit, just as the electro- 
motive force in the electrical circuit causes the elec- 
tricity to flow through the electrical circuit. This 
force, due to the current, is called the magnetomotive 
force, m.m.f. (abbreviated). The magnetomotive 
force of a solenoid is directly proportional to the 
product of the number of turns in the solenoid and 
the current, in amperes, the turns are carrying. If N 
represents the number of turns in the solenoid and / 
the current in amperes passing through the winding, 
the magnetomotive force will vary directly as NI. 
The product of the current and the turns is known as 
the ampere-turns, and the same magnetomotive force 
is obtained with a current of 500 amperes through 1 
turn, 25 amperes through 20 turns, or 1 ampere 
through 500 turns. In each of the above cases the 
magnetomotive force is 500 ampere-turns. 

The unit for magnetomotive force usually used in 
magnetic calculations is the gilbert. To change from 
ampere-turns to gilberts, it is necessary to multiply 
by (4^-f-lO) or 1.2564. 

Reluctance. — The magnetomotive force acting on 
any magnetic circuit encounters a certain opposition 



ELECTROMAGNETISM 47 

to the production of a magnetic flux, just as the elec- 
trical pressure encounters a certain opposition in the 
electrical circuit to the production of a current. The 
opposition offered by the magnetic circuit is called 
its reluctance, and it is represented by the symbol S. 
The reluctance of a magnetic circuit depends upon 
the material composing the magnetic circuit and upon 
the dimensions of the circuit. It varies directly as 
the length of the circuit, inversely as the area, all 
other conditions remaining constant, and inversely 
as a property of the material called its permeability, 
which will be defined later, represented by the 
symbol fi, 

. , length of circuit in centimeters 

reluctance = ^r^m — tz r^ — 

permeability X cross-section in square 

centimeters 

The unit in which reluctance is measured is called the 
oersted and it is equal to the reluctance of a cubic 
centimeter of air. 

Reluctances are added in the same way as resist- 
ances. If the magnetic circuit is composed of several 
different materials, the reluctance of each part may 
be computed separately and the results added, which 
will give the reluctance of the entire circuit. 

Ohm's Law for the Magnetic Circuit. — The mag- 
netomotive force acting on a magnetic circuit, the 
reluctance of the circuit, and the magnetic flux pro- 
duced are related to each other just as the electrical 
pressure in an electrical circuit, its resistance, and 
the current produced are related to each other. The 
unit of magnetic flux is the maxwell and it corre- 
sponds to one line of force. The symbol for magnetic 
flux is <^. 

, . ^ magnetomotive force 

magnetic flux = — - — ^ — 7 

reluctance 



*= 



<!>= 
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„ gilberts 
maxwells = - — r-r- 

oersteds 

m. m. f . 

1,2564 jy/ 

fiA 

1.2564 N I ,iA 

~ I 

Intensity of Magnetic Field and Induction Density. 
— The strength or intensity of a magnetic field pro- 
duced by a current at any point is numerically equal 
to the force in dynes which would act on a unit mag- 
netic pole if it were placed at the point. Field 
strength for a uniform field in air is equal to the total 
fiux divided by the area of the field perpendicular to 
the lines. It is also equal to the magnetomotive force 
in gilberts acting on the magnetic circuit divided by 
the length of the circuit in centimeters. Field 
strength is represented by the symbol H. 

H=i- (.) 

also 

„ m. m. f . ,, . 

B=—j— (b) 

1.2564 AT/ 
~ I 

The unit in which field strength is usually measured 
is the gauss, and it is equal to one line of force per 
square centimeter. Equation (a) gives the field 
strength in gausses. Field strength is frequently ex- 
pressed as so many gilberts per centimeter, as given 
in equation (b). 
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If the magnetomotive force of a solenoid with an 
air core is maintained constant and an iron core is 
introduced, the magnetic flux per unit area will be 
greatly increased. The permeability of a medium is 
equal to the induction density divided by the field 
intensity to which the induction is due, and it is rep- 
resented by the symbol fi. The magnetic lines per 
unit area in the iron is called flux density or induction 
density, and it is represented by the symbol B. 

B 

Example, — A magnetic circuit 50 centimeters in length and 
10 square centimeters in area is composed of a material having 
a permeability of 100. Determine the magnetic flux produced 
by a current of 5 amperes through a winding of 1,000 turns 
about the circuit. 

Solution, — Substituting in the equation given in the previous 
section, which gives the value of the magnetic flux in maxwells 
in terms of magnetomotive force in gilberts and the reluctance 
in oersteds, we have 







1.2564 X 1,000 X 5 X 100 X 10 
= _._ = 125,640 maxwells 



Magnetization Curves, — The permeability of iron is 
not constant but depends upon the degree to which it 
is magnetized, hence, in order to compute the reluct- 
ance of a magnetic circuit, it is necessary to know 
either the field intensity or the induction density, and 
its relation to the permeability. A magnetization 
curve is a curve showing the relation between the 
magnetizing force and the induction density for a. 
given grade of material. The magnetizing force is 
usually plotted on the horizontal and the induction 
density on the vertical. The relation between the induc- 
tion density and the magnetizing force is different 
during the increase of magnetizing force from what 
it is during the decrease of magnetizing force. The 
average relation between B and H for several sam- 
ples of iron are shown in Figure 32. The tendency 



for the induction density to lag behind the magnetiz- 
ing force is called hysteresis, and it ia the Bource o£ 




Figure 32. — Magnetli 



considerable trouble in the operation of certain instru- 
ments. Figure 33 shows the form of curve obtained 



when a piece of iron is first magnetized in one direc- 
tion to a certain induction density, then the mag- 
netizing force is reduced to zero and built up to an 
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equal value in the reverse direction, then reduced to 
zero and built up to its original maximum value. 
Such a curve is called a B-H curve. 

The value of the induction density, when the field 
intensity is zero, is called the remnant, or residual 
magnetism, of the iron, and the value of the field 
intensity when the induction density is zero is called 
the coercive force. 

Retentiveness. — ^An examination of the B-H curves 

•a 

given in Figure 33 will make the fact clear that cer- 
tain materials are better suited for making permanent 
magnets than others. The two curves are for mate- 
rials which retain about the same residual magnetism, 
but one will lose its magnetism a great deal easier 
than the other, due to rough hancUing, etc., as its 
coercive force is so much smaller. The property of 
a material for retaining its magnetism is called its 
retentiveness. 

Hysteresis Loss. — ^When a sample of iron is carried 
through what is called a m/ignetic cycle, all of the 
energy spent in magnetizing it is not returned to the 
circuit when the iron is demagnetized, which . results 
in a certain amount of electrical energy being ex- 
pended to carry the iron through the cycle. This 
energy will appear as heat, and the amount expended 
per cycle depends upon the kind of iron being tested, 
the volume of the sample, and the maximum value 
of the induction density B raised to the 1.6 power. 

joules (energy per cycle) = F X B^^ X if X 10"^ 

in which V represents the volume of the sample in 
cubic centimeters, and iT is a constant taking into 
account the kind of iron being tested, which is called 
the hysteretic constant of the material. 

When the sample is carried through / magnetic 
cycles per second, the loss of power in watts is given 
by the following equation: 

Ph=y X Jf X B'® X / X 10-^ watts 
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TABLE I 
VALUE OP HYSTERETIC CONSTANT K FOR DIFFERENT MATERIALS 

Ordinary Sheet Iron 004 

Thin Sheet Iron (good) 003 

Best Annealed Transformer Sheet Metal 0015 

Cast Steel 012 

Cast Iron 016 

Forged Steel 025 

ELECTROMAGNETIC INDUCTION 

Electromotive Force Induced in a Conductor, — If 
a conductor be moved in a magnetic field in such a 
manner that it cuts some or all of the magnet lines 
forming the field, there v^ill be an electromotive force 
induced in the conductor. If this conductor forms 
part of a closed electrical circuit, the electromotive 
force induced in it v^ill produce a current. Currents 
produced in this way are called induced currents 
and the phenomenon is termed electromagnetic 
induction. 

Direction of Induced Electromotive Force in a 
Straight Conductor. — There is a definite relation be- 




Figure 34. — ^Moving a Conductor in a Magnetic Field. 

tv^een the direction of motion of a conductor, the 
direction of the magnetic field, and the direction of 
the induced electromotive force, v^hich may be proved 
by a simple experiment similar to the one shown in 
Figure 34. A conductor C is connected in series with 
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a small galvanometer 0, and a permanent magnet 
provides a magnetic field in which the conductor may 
be moved. If the conductor be moved from right to 
left across the field, the needle of the galvanometer 
will be deflected. When the conductor is moved from 
left to right across the field, the galvanometer will be 
deflected but in the opposite direction to what it was 
in the first case. If the conductor be moved directly 
across from one pole of the magnet to the other or 
parallel to the magnetic field there will be no deflec- 
tion of the galvanometer, which indicates there is no 
induced electromotive force in the conductor. The 
same results can be obtained by moving the magnet. 
The direction of the electromotive force induced in 
the conductor will always be such that the current 



produced by it, if any, will increase the strength of 
the magnetic field on the side of the conductor in the 
direction it is moving and decrease it on the opposite 
side. For example, in Figure 34 when the conductor 
is moving toward the left, the current in the con- 
ductor C will pass from the front end toward the 
back, which will result in the magnetic field being 
weakened on the right-hand side and strengthened on 
the left-hand side. A cross-section through a con- 
ductor and the magnetic field about it are shown in 
Figure 35. A simple rule, known as the "right-hwid" 
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rule, for determining the relation between the direc- 
tion of motion, the direction of the magnetic field, 
and the direction of the induced electromotive force 
is as follows : Place the thumb, forefinger, and mid- 
dle finger of the right hand at right angles to each 
other, as shown in Figure 36, then the middle finger 




Figure 36. — Right-Hand Rule for Determining Induced ElectromotlTe 

Force. 

vnll point in the direction of the induced electrom/)- 
tive force when the thumb points in the direction of 
motion and the forefinger in the direction of the 
magnetic field. 

If a current be sent through the conductor from 
an outside source, it will tend to move in the opposite 
direction to that indicated in Figure 36. If the left 
hand be used in this case instead of the right, the 
direction in which the conductor moves or tends to 
move will correspond to the direction in which the 
thumb points. 

Direction of Induced Electromotive Force in a CoU, 
— If a coil of wire be connected in series with a gal- 
vanometer and a magnet thrust into the coil, there 
will be an electromotive force induced in the coil 
which will cause a current to flow through the circuit 
and deflect the moving element of the galvanometer. 
If the magnet be withdrawn from the coil, the gal- 
vanometer will be deflected in the opposite direction 
to what it was when the magnet was thrust into the 
coil, because the relative motion of the magnetic field 
and the conductor, or turns in the coil, has been 
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reversed. The direction of the induced electromotive 
force will always be such that the current produced 
by it, if any, will flow around the coil in such a direc- 
tion that its magnetic effect tends to prevent a change 
in the number of magnetic lines through the coil. 
For example, if the magnet is moving into the coil, 
as shown in Figure 37, the current in the coil, due to 
the induced electromotive force, will be in such a 
direction as to make the left-hand end of the coil a 





Figure 37. — Magnet Moving Figure 38. — Magnet Moving 

Into Coil. Out of Coll. 

south pole and the right-hand end a north pole, or 
the magnetic effect of the current tends to prevent the 
flux changing, or, in this case, building up through 
the coil. If, on the other hand, the magnet is moving 
out of the coil, as shown in Figure 38, the current in 
the coil, due to the induced electromotive force, will 
be in such a direction as to make the left-hand end of 
the coil a north pole and the right-hand end a south 
pole, or the magnetic effect of the current tends to 
prevent the flux changing, or, in this case, decreasing 
in value. The direction of the current due to the 
induced electromotive force is indicated by arrows in 
both cases, as shown in Figures 37 and 38. It must be 
remembered that this tendency to prevent a change in 
flux through the coil is present only when the coil 
and the magnet are moving with respect to each other, 
for when there is no such movement there is no 
induced electromotive force and, hence, no current. 
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Electromotive Force Induced in a Circuit Due to a 
Change of Current in the Circuit Itself or An4)ther 
Circuit. — If the current in a conductor changes in 
value, there will be a change in the magnetic field sur- 
rounding the conductor and, hence, there will be a 
telative motion of the conductor with respect to the 
field, which will result in an induced electromotive 
force being produced in the conductor. The direction 
of this induced electromotive force will always be in 
such a direction as to tend to prevent the current 
changing in value ; that is, if the current is increasing 
in value, the induced electromotive force acts against 
it and if the current is decreasing in value the induced 
electromotive force acts with it or in the same direc- 
tion. As a result of this induced electromotive force 
being produced by a change of current in a circuit, 
the current cannot build up to its maximum value or 
decrease to zero value instantly. The property of a 
circuit, which results in an induced electromotive 
force being produced in the circuit due to a change of 
current in the circuit itself, is called the self-induct- 
ance of the circuit. 

If two circuits, which are electrically independent, 
are so placed with respect to each other that all or a 




Figure 39. — Two Colls About a Common Magnetic Circuit. 

part of the magnetic lines produced by the current in 
one circuit pass through the other circuit, or vice 
versa, an electromotive force will be produced in one 
due to a change of current in the other, since there is 
a relative movement of the magnetic field and the con- 
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ductor. Two coils placed about a common magnetic 
circuit, as shown in Figure 39, act in the above man- 
ner with respect to each other. When the current in 
one coil changes, there will be a current in the other 
coil, if its circuit is closed, as a result of the induced 
electromotive force and the direction of this current 
will always be such as to tend to prevent a change in 
the value of the magnetic flux through the two coils. 
If the current in one coil increases, the current in 
the other is in the opposite direction around the 
magnetic circuit; while if the current decreases in 
one coil, the current in the other is in the same direc- 
tion around the magnetic circuit and tends to main- 
tain the magnetic flux constant in value. The prop- 
erty of a circuit, which results in an electromotive 
force being induced in it due to a change of current 
in another independent circuit, is called the mutual 
inducta^ice of the circuit with respect to some other 
circuit. 

Factor upon Which the Induced Electromotive 
Depends. — The value of the induced electromotive 
force in a conductor depends upon the following 
factors : 

First, the rate of movement of the conductor and the 
magnetic field with respect to each other. The more 
rapid the movement the greater the induced elec- 
tromotive force, all other quantities remaining 
constant. 

Second, the strength of the magnetic field, or the 
number of lines of force per unit of area perpen- 
dicular to the direction of the field. The stronger 
the field, the greater the induced electromotive 
force, all other quantities remaining constant. 

Third, the angle the path in which the conductor 
moves makes with the direction of the magnetic 
field. The nearer this path is to being perpendicu- 
lar to both the direction of the magnetic field and 
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the axis of the conductor, the greater the induced 
electromotive force. 
Fourth, the length of the conductor that is actually 
in the magnetic field. The more wire there is in 
the field, the greater the induced electromotive 
force, all other quantities remaining constant. 

The above facts can be condensed into the following 
simple statement: The value of the induced electro- 
motive force in any circuit depends upon the resultant 
rate at which the conductor forming the circuit cuts 
the magnetic lines; that is, it depends upon the 
resultant number of magnetic lines cut by the con- 
ductor in a unit of time. If a loop of wire be moved 
in a magnetic field in such a manner that both sides 
are cutting flux in the same direction and at the same 
rate, the resultant change in flux enclosed by the loop 
will be zero and, hence, the resultant electromotive 
force will also be zero. There will be an electromotive 
force induced in each side of the coil, but they will 
act in opposite directions around the loop. There 
must be a change in the magnetic flux enclosed by a 
loop in order that there be a resultant electromotive 
force induced due to a movement of the loop and 
magnetic field. When the motion of the conductor 
and the magnetic field with respect to each other 
results in one hundred million (100,000,000) lines 
being cut in each second, there is an electromotive 
force of one volt induced in the conductor. 

Examples, — 1. A conductor 100 centimeters in length is moved 
at a velocity of 50 cm. per second perpendicular to itself and 
the direction of a uniform magnetic field having an intensity 
of 10,000 gausses. What is the value of the induced electro- 
motive force in volts f 

Solution, — ^The total magnetic flux cut by the conductor in 
each second will be equal to the product of the length of the 
conductor in centimeters, the velocity of the conductor in 
centimeters per second, and the strength of the magnetic field 
in lines per square centimeter, or gausses. 
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4>==lXvXH 
= 100 X 50 X 10,000 
= 50,000,000 maxwells 

Since the conductor must cut 100,000,000 lines per second in 
order to have an induced electromotive force of one volt, the 
induced electromotive force in this ease will be 

E = 50,000,000 -*- 100,000,000 
= .6 volt 

2. The magnetic flux through a coil of 1,500 turns is chang- 
ing at the rate of 500,000 lines per second, what is the value 
of the induced electromotive force f 

Solution. — ^Each of the 1,500 turns will cut the change in 
magnetic flux, or the result is equivalent to one turn cutting a 
change in magnetic flux 1,500 times as great. 

Flux cut per second = 1,500 X 500,000 

= 750,000,000 maxwells 
E = 750,000,000 -4- 100,000,000 
= 7.6 volts 

Eddy Currents. — ^When a mass of metal is moved 
in a magnetic field or the magnetizing force acting 
on a magnetic circuit continuously changes, currents, 







Figure 40. — ^Revolving a Metal Disk in a Magnetic Field. 

called eddy currents, will flow through the metal. 
These currents heat the metal and represent a loss in 
power in the operation of dynamo-electric machinery. 
If a metal disk be revolved between the poles of a 
permanent magnet, as shown in Figure 40, eddy cur- 
rents will be produced in the disk which will tend to 
oppose its free rotation. The relative direction of 
these currents, the direction of the field, and the direc- 
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tion of the motion are shown in the figure. The cur- 
rents circulate in local paths or eddies and for this 
reason are called eddy currents. 

The loss of power due to eddy currents is greatly 
reduced in electrical apparatus by constructing the 
volume in which they occur of thin sheets of metal, 
called laminations, arranged in such a way that their 
planes are perpendicular to the direction in which 
the eddy currents tend to flow. A good example of 
such construction is found in the cores of transform- 
ers and armature cores. 

A good example of the practical application of eddy 
currents is found in almost all types of integrating 
meters. In these cases there is a metal disk mounted 
on the axis of the revolving portion of the meter and 
so arranged that it revolves between the poles of one 
or more permanent magnets. The torque required to 
drive such a disk is practically directly proportional 
to the speed, which is a very desirable relation in this 
particular case, as will be pointed out later. 

Calculation of Eddy-Current Loss. — The eddy- 
current loss in watts occurring in a given volume of 
iron may be computed by means of the following 
equation : 

Pe = VXPXt^XB'XK 

in which V is the volume of the iron in cubic centi- 
meters; / is the frequency of the magnetic cycles per 
second ; t is the thickness of the laminations in centi- 
meters; B is the maximum induction density in lines 
per square centimeter; and K is a, constant, depend- 
ing upon the resistance of the iron per cubic centi- 
meter, which is usually about 1.6 X 10"^\ 



CHAPTER III 

INDUCTANCE AND ITS MEASUREMENT 

Action of Magnetic Field about a Conductor Carry- 
ing a Variable Current. — There is a magnetic field 
about every conductor in which there is a current, 
and the direction and the strength of this field will 
depend upon the direction and the value of the cur- 
rent in the conductor. The relation between the 
direction of the field surrounding a conductor due to 
a current in the conductor and the direction of the 
current in the conductor is shown in Figure 41. 




Figure 41. — Magnetic Field Surrounding a Conductor In Which 

There Is a Current. 

With any change in the value of the current in the 
conductor, there will be a change in the number of 
magnetic lines surrounding the conductor, their num- 
ber increasing with an increase in current and de- 
creasing with a decrease in current. These magnetic 
lines are supposed to originate at the center of the 
conductor and to increase in diameter with an in- 
crease in current, the first lines formed being crowded 
farther away from the conductor by each new line; 
and to decrease in diameter with a decrease in cur- 
rent, the lines nearest the center of the conductor 
disappearing. 

61 
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Self -Induction. — As a result of the movement of 
the magnetic lines with respect to the conductor, as 
described in the previous section, there will be an 
electromotive force induced in the conductor. The 
direction of this induced electromotive force will 
depend upon the relation between the movement of 
the field and the conductor with respect to each other. 
With an increasing current, the induced electromo- 
tive force will be opposite that produced by a de- 
creasing current. A cross-section of a conductor car- 
rying a current from the observer is shown in Figure 
42. Let us take a small section of the conductor, such 



Figure 42. — Movement of > Uagnetic Field Accosb a Conductor, 

as A on the right-hand side, and imagine the current 
is decreasing in value, which would be equivalent to 
the section of the conductor moving toward the right 
through the field. Now, applying the right-hand rule 
for determining the direction of the induced electro- 
motive force, you will find it is from you, or in the 
same direction as the current in the conductor. With 
an increasing current, the r^ult will be just the 
reverse. It is apparent that the action of this induced 
electromotive force is always such as to tend to pre- 
vent a change in the value of the current in the 
conductor. 

There will be no electromotive force induced in the 
conductor unless there is a change in the value of the 
current, for the value of the current must change in 
order that there be a relative movement of the field 
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and conductor. The value of the induced electromo- 
tive force will depend upon the number of magnetic 
lines cut by the conductor in a given time. 

The property of a circuit, which results in an elec- 
tromotive force being induced in it due to a change 
in the value of the current it is carrying, is called 
its self-inductance, and the process is called self- 
induction. 

Hydraulic Analogy of Self-Inductance. — ^The self- 
inductance of an electrical circuit is, in action, very 
similar to the inertia of the water in the hydraulic 
circuit. The inertia of the water tends to prevent a 
change in its velocity, it acting in the same direction 
as the water flows when the rate of flow is decreasing 
and in the opposite direction when the rate of flow is 
increasing. 

A part of an hydraulic circuit is shown in Figure 
43, which depicts a small water motor driving a lai^ 
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Figure 43. — Hydraulic Analogy of Inductance. 

fly wheel. The action of this combination in the 
hydraulic circuit, when the current of water changes 
in value, is very similar to the action of self-induc- 
tance in an electrical circuit when the current of elec- 
tricity changes in value. The inertia of the heavy fly 
wheel prevents the water motor speeding up as fast 
as it would if it were operating alone, and it also 
prevents the speed of the motor decreasing as rapidly 
as it would if it were not connected to the fly wheel. 
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Unit of Self-Inductance. — The unit of self-induct- 
ance is defined in terms of the induced electromotive 
force produced by a given change of current per unit 
of time, since the total number of magnetic lines sur- 
rounding the conductor varies with the current. If 
the current in a circuit changes in value at a uniform 
rate of one ampere per second and, as a result, there 
is an electromotive force of one volt induced in the 
circuit, the circuit is said to have one unit, or one 
henry, of self-inductance. Any change in the form 
of a circuit or the material surrounding a circuit, 
which will result in a greater electromotive force 
being induced in the circuit due to a certain uniform 
change of current in a given time, will increase its 
self-inductance. Likewise, any change in the form of 
a circuit or the material associated with it, which will 
result in a decrease in the induced electromotive force 
due to a given uniform change of current in a given 
time, will decrease the self -inductance of the circuit. 
Self-inductance is represented by the letter L. 

Self 'Inductance of a Long Solenoid. — In calculat- 
ing the inductance of a circuit, it is necessary first to 
determine the change in magnetic flux produced by 
a change in current of one ampere, then multiply this 
change in flux by the number of times the conductor 
forming the circuit cuts the flux, and then divide this 
result by 100,000,000, or lOS to reduce it to volts. 

The total magnetic flux passing through a solenoid 
of N turns, with an iron core A square centimeters in 
cross-section and I centimeters in length, and having 
a permeability of /x due to a current of one ampere, is 
given by the following equation: 

*- m : 

Multiplying this change in flux, due to a change in 
current of one ampere, by the number of turns in the 
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coil gives the total flux cut by the conductor forming 
the circuit. If the current changes at the rate of one 
ampere per second, or if this flux is cut in one second, 
the induced electromotive force will be equal to the 
total flux cut divided by 100,000,000. Since, by defi- 
nition, the inductance of a circuit is equal to the 
induced electromotive force due to a change in cur- 
rent of one ampere per second, we may write 

10^X100,000,000 

iXJPXfiXA. . 
= JqU^ henries 

Example. — ^What is the self-inductance of a solenoid com- 
posed of 1,500 turns, about an iron core 50 centimeters long, 
25 square centimeters in area, and having a permeability of 
1,000! 

Solution, — Substituting in the above equation gives, 

4 X 3.1416 X 1,500 X 1,500 X 1,000 X 25 . 

^ "* 1,000,000,000 X 50 ~ ^^'^^ ~" ^^^'•les 

Inductance of Electrical Circuits. — The accurate 
calculation of the inductance of electrical circuits, in 
general, is quite complicated, but the reader may find 
the final, or working, form of the equations in text- 
books on the subject and in the different handbooks 
for electrical engineers. 

The self-inductance in millihenries per 1,000 feet 
of each of two parallel non-magnetic wires, d units in 
diameter and D units apart, may be computed by the 
use of the following equation : 

2D 

d 



L = 0.01524 -f 0.1403 log.o 



The values of D and d in the above equation must be 
expressed in the same units. 

Energy Stored in Magnetic Field, — ^A certain 
amount of energy must be expended in producing a 
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current in a circuit containing inductance, just as 
energy must be expended in the hydraulic circuit, 
shown in Figure 43, in setting the fly wheel in motion. 
The energy expended in overcoming the inductance is 
stored in the magnetic field surrounding the circuit, 
while the energy in the hydraulic circuit is stored in 
the fly wheel. The energy stored in the magnetic field 
will depend upon the inductance of the circuit and 
the current through the circuit. Any change in the 
current will result in a change in the energy asso- 
ciated with the circuit, the direction of the transfer 
depending upon whether the current is increasing or 
decreasing in value. The enei^y in joules associated 
with the circuit may be computed by means of the 
following equation : 

W=iL 72 joules 

The following simple experiment will serve to prove 
that there is some energy associated with an inductive 




Figure 44. — Experiment Illustrating Effect of Inductance. 

circuit, or one containing inductance. If an incan- 
descent lamp L be connected across the terminals of 
an electromagnet M, as shown in Figure 44, the lamp 
will flare up in brightness when the switch 8 is opened 
due to the discharge of energy from the magnetic 
field. The working voltage of the lamp should be 
approximately equal to the pressure between the ter- 
minals Ti and Tg of the magnet for the best results. 
Resistances are frequently provided for the field of 
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large generators to discharge through when they are 
disconnected from the source of power, as the pressure 
generated in the winding of the field, without a resist- 
ance, may be sufficient to puncture the insulation. 

Mutual Inductance. — If two conductors be placed 
parallel to each other and a current produced in one, 
a part of the magnetic field produced by this current 
will move across the second conductor and, as a result, 
there will be an electromotive force induced in it. 
"When two conductors or circuits are so related that a 
change of current in one results in an electromotive 
force being induced in the other, they are said to have 
a mutual inductance and the process is called mutual 
induction. The unit of mutual inductance is the same 
as that for self -inductance, or the henry. One circuit 
is said to have a mutual inductance of one henry 
with respect to another when a uniform change of 
current of one ampere per second in one will produce 
an induced electromotive force of one volt in the 
other. Induction coils, transformers, etc., depend 
upon this principle of mutual induction for their 
action. 

Mutual Induction of Two Solenoids. — The equation 
for the value of the mutual inductance of two long 
solenoids wound upon the same core is very similar in 
form to that for the value of the self -inductance of a 
long solenoid. In this case the flux produced by a 
change in current in one coil is cut by the turns in 
the other coil. Representing the turns in the two 
coils by JVj and iVj, the length of the solenoids in centi- 
meters by I, the area of the core in square centimeters 
by Ay and the permeability of the material forming 
the cove by /n, we may write 

M= iQ^xl ^e^™s 

Example. — Calculate the mutual inductance between two 
solenoids of 500 and 1,000 turns, respectively, wound on an 
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iron core 20 centimeters long, 20 square centimeters in area, 
and having a permeability of 1,000. 

Solution. — Substituting in the above equation for mutual 
inductance gives 



M = 



4 X 3.1416 X 500 X 1,000 X 1,000 X 20 
1,000,000,000 X 20 



= 6.2832 henries 



Bridge Method of Measuring Self-Inductance, — 
The value of an unknown inductance may be deter- 
mined in terms of a known inductance by means of a 
Wheatstone net, as shown diagrammatically in Figure 
45. In this figure Lg is the known inductance, and Lx 




Figure 45. — Bridge Method of Measuring Inductance. 

the inductance whose value is to be determined. The 
resistances marked A and B are the ratio arms of the 
bridge, and JBi and R2 are auxiliary resistances for the 
purpose of adjusting the balance of the bridge. The 
two right-hand arms of the bridge should be adjusted 
so that they are equal in value, say 1,000 ohms each, 
and the ratio of the two left-hand arms varied until 
the galvanometer shows no deflection when its circuit 
is closed and the battery key tapped. After this 
adjustment is obtained 

jjx — -^^ ">r 

The values of the resistances Bi and R2 are supposed 
to include the resistance of the two inductances L« 
and Lx, respectively. 
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A balance may be readily obtained by substituting 
a source of alternating current for the battery and a 
telephone receiver for the galvanometer and adjust- 
ing the ratio resistances until there is a minimum 
sound in the receiver. 

Bridge Method of Measuring Mutual Inductance. — 
The mutual inductance between two coils having self- 
inductances of Li and Lg henries may be determined 
by first measuring the effective inductance of the two 
coils in series and their fields in the same direction and 
then measuring the effective inductance with them 
in series and their fields opposed. These measure- 
ments may be made as in the previous section. Calling 
the effective inductance Lc, when the fields of the coils 
are in the same direction, and Lo when the fields are 
in the opposite direction, let M represent the mutual 
inductance between the two coils. Then we have 



Lo=Li + 2M 
Lo=L^ — 2M 






Voltmeter Ammeter Method of Measuring Indue- 
tance. — The drop in pressure over an inductive 
circuit in which there is an alternating current is 
composed of two parts, which are displaced in phase 
by 90 degrees. The drop over the resistance is equal 
to EI, and the drop over the inductance is equal to 
2'jrf LI, in which R is the resistance of the circuit in 
ohms, / is the effective current in amperes, / is the 
frequency of the current, and L is the inductance of 
the circuit in henries. The total drop over the cir- 
cuit, as indicated by a voltmeter, is equal to the vector 
sum of the drops as calculated from the above expres- 
sions. Since these drops or components are at right 
angles to each other, the resultant is equal to the 
square root of the sum of the squares of the com- 
ponents, or 

E='V{Riy+i2wfLiy 
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All of the quantities in the above equation with the 
exception of L may be readily determined ; and when 
their values are substituted in the equation, the value 
of L may be computed. 




^is^ss^l?^ 




Figure 46. — Non-Inductlve Coll. 

Non-inductive Coil, — ^A non-inductive coil is one 
wound in such a manner that the magnetic effect of 
a portion of the turns is neutralized by the magnetic 
effect of the remaining turns. Such a coil is shown 
in Figure 46. 



CHAPTER IV 



CAPACITY AND ITS MEASUREMENT 

Condenser. — Two conductors separated by some 
insulator, such as air, rubber, glass, mica, or paraf- 
fined paper, constitute what is called a condenser, 
and it is said to have electrical capacity. The medium 
separating the two conductors is called the dielectric. 
If the two conductors forming the condenser be con- 
nected to the terminals of a battery or other source 
of electrical pressure, as shown in Figure 47, they 

-■1+ 



^ 



Figare 47. — Condenser Connected to a Battery. 

will acquire equal and opposite charges of electricity, 
or the condensor becomes charged. The sign of the 
charge on each conductor will correspond to the sign 
of the terminal of the source of electrical pressure to 
which it is connected. The final difference in elec- 
trical pressure between the conductors forming the 
condenser will be equal to the value of ihe impressed 
electrical pressure. 

Charging a Condenser. — The action of a condenser 
in an electrical circuit is very similar to the action of 
an elastic diaphragm stretched across an hydraulic 
circuit. The action of such a diaphragm can be easily 
understood by referring to Figure 48. "When the 
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diaphragm ia in a vertical position, it offers no resiat- 
ance to the flow of water through the pipe ; but, just 
aa soon as it is deflected from this position, the sliglit- 
est amount to the right or to the left, it immediately 
tends to prevent the water pressing through the pipe. 
This tendency of the diaphragm to prevent the water 
flowing through the pipe will continue to increase as 
it is stretched from the normal, or vertical position, 
until the opposition offered by the diaphragm is 
equal to the pressure acting on the circuit, which will 



rigore 48. — Hydraulic Analogy ot the Condenser. 

result in zero current in the circuit. If the pressure 
acting on the circuit be changed, there will be a flow 
of water in the circuit in such a direction as to 
increase or decrease the strain in the diaphragm, 
depending upon whether the pressure is increased or 
decreased. The diaphragm may be held in its 
strained, or extended, position if the pressure acting 
on the eireuit be disconnected by closing a valve on 
each side of the chamber in which the diaphragm is 
placed. The strained diaphragm may be made to do 
useful work by connecting a water motor or pump to 
the chamber in which it is placed and then opening 
the valves. 

A similar action is supposed to take place in the 
electrical circuit when a condenser is charged. There 
is a strain set up in the dielectric due to the electricity 
passing through it; and, when the condenser is fully 
charged, this strain is equal to the impressed electrical 
pressure. Any change in impressed electrical pres- 
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sure will result in a flow of electricity through the 
dielectric in such a direction as will bring about the 
required change in strain in the dielectric. If a con- 
denser be connected to a source of electrical pressure 
and then disconnected, there will be a certain quantity 
of energy stored in it ; just as in the case of the dia- 
phragm in the hydraulic circuit, and this energy may 
be used by allowing the condenser to discharge itself 
through an electrical circuit. 

Capacity of a Condenser. — ^A condenser is said to 
have unit capacity when a transfer of unit quantity 
or electricity, or one coulomb, through the dielectric 
will produce a change of one volt in the difference in 
electrical pressure between its terminals, or the con- 
ductors forming the condenser. The unit of capacity, 
as defined above, is called the farad. 

The capacity of any condenser will depend upon 
the area of the conductor, or plates, as they are usu- 
ally called ; the number of plates ; the distance between 
the plates, or the thickness of the dielectric ; and the 
kind of material composing the dielectric. The 
capacity of a condenser increases with an increase in 
the area of plates or with an increase in the number 
of plates, which is equivalent to an increase in area, 
and decreases with an increase in the distance between 
the plates. 

The value of an insulating material as a dielectric 
is called its specific inductive capacity. The inductive 
capacity of different materials varies considerably, . 
but it is less for air than it is for any solids or liquids. 
The specific inductive capacity of a material is meas- 
ured in terms of air as a standard, and it is the ratio 
of the capacities of two condensers, one of which has 
the material, whose dielectric constant is to be deter- 
mined, as the dielectric, and the other has air as the 
dielectric. The dimensions of the condensers must 
be the same in both cases. Table II gives the value 
of the specific inductive capacity of some of the mate- 
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rials that are commonly used in the construction of 
condensers and insulating conductors. 



TABLE n 



SPECIFIC INDUCTIVE CAPACITIES 



Material 


Specific 
Inductive 
Capacity 


Material 


Specific 
Inductive 
Capacity 


Air 

Alcohol (Amyl) 

Glass (Plate) 

Gutta-Percha 

Mica 

Paraflfine 

Petroleum 


1.00 
15.50 
3.00 to 7.00 
3 to 5 
4.5 to 7 
1.90 to 2.40 
2.02 to 2.2 


Porcelain 

Resin 

Rubber (Vulcanized) 

Shellac 

Sulphur 

Turpentine 

Vaseline 


4 38 

2A8 to 2.57 

2.7 

2.95 to 3.1 

2.24 to 3.90 

2.15 to 2.28 

2.20 



Relation of Impressed Electrical Pressure, Quantity 
of Electricity, and Capacity of Condenser, — If a con- 
denser is said to have a unit of capacity when 1 cou- 
lomb of electricity will produce a change in the differ- 
ence in electrical pressure between its terminals of 1 
volt, then 1 volt change in impressed pressure between 
its terminals will produce a change of one coulomb in 
the value of its charge. If the capacity of a con- 
denser is constant, the quantity of charge is directly 
proportional to the impressed electrical pressure ; or, 
if the impressed pressure is constant, the quantity of 
charge is directly proportional to the capacity of the 
condenser. These two relations may be expressed in 
the form of an equation as follows : 

Q = CE 

in which Q stands for quantity in coulombs, C for the 
capacity of the condenser in farads and E for the 
impressed pressure in volts. The farad is a very 



CAPACITY AND ITS MEASUREMENT 75 

large unit of capacity, and a unit called the micro- 
farad, which is equal to the one-millionth part of a 
farad, is more commonly used. The common values 
of capacities as used in the majority of cases are only 
a few microfarads. 

Capacity of Plate Condenser, — The capacity of a 
simple condenser composed of two plain parallel 
plates separated by a dielectric may be calculated by 
means of the following equation : 

^^ KXA 



4.452 X 10^' X d 



in which C is the capacity in farads ; K is the value 
of the dielectric constant of the dielectric; A is the 
area of the plates, in square inches, which are exposed 
to each other ; and d is the distance in inches between 
the plates. 







^ 
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Figure 49. — Condenser of Several Plates. 

The majority of condensers in practice are com- 
posed of more than two plates, as shown in Figure 49, 
in which case the above equation will read as follows : 

^^ K{n-V)A 



4.452 X 10'" X d 



in which n represents the total number of plates used 
in the construction of the condenser, and the other 
letters represent the same quantities as in the first 
equation. 

Examples. — 1. Determine the capacity of a condenser com- 
posed of 200 sheets of tin foil 10 X 10 inches, separated by 
plate glass .05 inch in thickness, and having a dielectric constant 
of 5. 
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Solution, — Substituting, in the above equation, the values of 
the quantities given in the problem gives 

5 X (200 — 1) X 10 X 10 
C = - 



4.452 X 10" X .05 
= .000000447 farads 
= .447 microfarads 



The above equation may be rewritten with the value of the 
capacity in microfarads, which gives 

Cin.f. 

2. Determine the quantity of electricity stored in a condenser 
having a capacity of .0001 farad when it is connected to an 
electrical pressure of 1,000 volts. 

Solution. — Substituting in one of the above equations gives 

Q = .0001 X 1,000 
= .1 coulomb 

Energy Stored in a Charged Condenser, — ^Where 
the diaphragm in Figure 48 is caused to move from 
its normal position, work is done by the source of 
the pressure, causing the water to flow through the 
pipe and, as a result, a certain amount of energy will 
be stored in the diaphragm. The amount of the 
energy stored will depend upon the quantity of water 
passing through the circuit and the average pressure 
against which this water flows. A better example, 
perhaps, is that of a standpipe which has been filled 
with water to a certain height. The work in foot 
pounds required to fill the tank to the height H feet 
will be equal to the total weight of water in the tank 
times the average height, or one-half of H, 

A similar condition exists in the case of a charged 
condenser; that is, the energy stored in a charged 
condenser is equal to the product of the quantity of 
electricity in the condenser and the average height to 
which it is raised, or one-half the difference in elec- 
trical pressure between its terminals. When the 
quantity of electricity is expressed in coulombs, the 
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capacity of the condenser in farads, and the difference 
in electrical pressure between the terminals of the 
condenser in volts, the energy stored in the condenser, 
in joules, may be determined by any one of the fol- 
lowing equations. 

W=iQjB joules 
W=|CJS:2 joules 

W=^|l joules 

Condensers in Series and in Parallel. — Condensers 
may be connected in series or in parallel, or in any 
combination of series and parallel, just as resistances. 
If two simple plate condensers, C^ and Cg, be con- 




Figure 50. — Condensers in Parallel. 

nected in parallel, as shown in Figure 50, it is equiva- 
lent to increasing the area of the plates of one of the 
condensers and, hence, the resultant capacity of the 
combination will be greater than that of a single con- 
denser. The equation used in calculating the com- 
bined capacity of several condensers in parallel is the 
same as the one used in calculating the combined 
resistance of several resistances in series, or 

c=c,+c,+c,+ 



When condensers are connected in series, as shown in 
Figure 51, the result is equivalent to increasing the 
distance between the plates of a single condenser and, 
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hence, the resultant capacity of the combination will 
be less than that of a single condenser. The equation 
used in calculating the combined capacity of several 
condensers in series is the same as the one used in 



c. 



Figure 51. — Condensers In Series. 



calculating the combined resistance of several resist- 
ances in parallel, or 

i=A+±+i.+ 



O C^ C2 C-g 

The difference in electrical pressure between the ter- 
minals of a number of condensers all connected in 
parallel is the same, and the quantity in each is equal 
to the pressure between its terminals multiplied by 
the capacity of the condenser. The total quantity 
stored in the combination is equal to the sum of the 
quantities in the different condensers. 

When condensers are connected in series, the same 
quantity will be stored in each, and the difference in 
pressure between the terminals of the different con- 
densers will be to each other inversely as the capaci- 
ties of the condensers; that is, the greatest difference 
in pressure will exist between the terminals of the 
condenser having the smallest capacity, etc. 

The total energy stored in any combination of con- 
densers when charged to a definite electrical pressure 
may be calculated by first determining the capacity 
of the combination and then proceeding as though it 
were a single condenser. 

Leakage and Absorption in a Condenser, — No dielec- 
tric is a perfect insulator and, as a result, there will 
be a current through the dielectric of a condenser 
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when there is a difference in electrical pressure be- 
tween the terminals of a condenser. As a result of 
this leakage between the plates, no condenser will 
retain its original charge when disconnected from the 
source of electrical pressure, but the quantity stored 
in the condenser will grow less and less. The resist- 
ance of some dielectrics is a great deal higher than 
that of others and condensers constructed with these 
dielectrics between the plates will have a small leakage 
and will retain a given charge for quite a time with- 
out any appreciable decrease in its value. 

If a charged condenser be discharged by connect- 
ing its terminals momentarily with a conductor and 
this connection is then broken, the condenser will 
appear to be completely discharged, but after a short 
time a charge again appears and there is a difference 
in electrical pressure between the terminals. The 
pressure in the second case, however, is much less than 
in the first. The charge which appears after the first 
discharge is called the residual charge and the phe- 
nomenon resulting in this charge is called electric 
absorption. The absorption in dielectrics is sup- 
posedly due to impurities in the material or a lack of 
homogeneity. 

Capacity of Coaxial Cylinders, — The capacity of 
a condenser formed by placing a conductor inside a 




Figure 52. — Cross-section of a Cylindrical Condenser. 

tube, as in the case of cables laid in metal sheaths, 
may be calculated by means of the same equation as 
that used for the plate condenser. Imagine a cross- 
section of the conductor and lead sheath as shown in 
Figure 52. The thickness of the insulation between 
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the conductor and the sheath will correspond to the 
distance between the plates; and the average of the 
area of the outside of the conductor and the area of 
the inside of the sheath will correspond to the area 
of the plates. 

Example, — ^If a conductor di inches in diameter and I inches 
in length is surrounded by an insulating material having a 
dielectric constant K and a lead sheath D inches inside diam- 
eter, compute the capacity of the combination. 

Solution. — 

(D—d,) 
A = — 2 X I square inches 

D — d^ 
distance between plates d = — s — inches 

KXA 
capacity C = 4.452 x 10" X d 

KX i^Tl^xl 

— farads 



(D — d,) 
4.452 X 10" X -^^ — ^ 

A more common equation, however, for the capacity of coaxial 

conductors and one which is more accurate than the above is 

as follows: 

^ 7.354 XKXl . ^ ^ 
C = ^ microfarads 

logio^ X10« 

In which K is the dielectric constant of the insulating material ; 
I is the length of the cylinders in feet; D is the inside diam- 
eter of the lead sheath, and d is the outside diameter of the 
conductor. D and d must both be expressed in the same units. 

If the insulation between the conductor and the 
sheath is composed of several different kinds of mate- 
rials having different dielectric constants, infinitely 
thin plates may be imagined as existing between the 
different materials thus forming a number of con- 
densers and they will be connected in series. The ca- 
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pacity of each condenser should be calculated sepa- 
rately by means of the above equation and the results 
added by means of the equation for condensers in 
series. 

Capacity of Parallel Round Wires, — The capacity 
of a condenser formed by two parallel round wires d 
units in diameter and D units between centers may be 
computed by means of the following equation with an 
error of less than .1 per cent when D is greater 
than lOd. 

C = — — ~j^ microfarads 

logxo -^ X 10« 

in which I is the length of the circuit in feet. In 
substituting in the equation, D and d must both be in 
the same units. 

Capacity of a Bound Wire Parallel to the Earth, — 
The capacity of a round wire d units in diameter and 
H units above the surface of the earth may be com- 
puted by means of the following equation: 

7.854 XKXl 



C 



4:H 

log.o -J X 10« 



in which I is the length of the wire in feet. In sub- 
stituting in the equation, H and d must both be 
expressed in the same units. 

Measuring Capacity by Comparison. — An unknown 
capacity may be measured by comparing the quantity 
discharged from it as compared to that from a stand- 
ard condenser when they are both charged to the same 
electrical pressure. The scheme of connections for 
such a measurement is shown in Figure 53 in which 
C represents the standard condenser ; X the unknown 
capacity; O the ballistic galvanometer; P a potential 
rheostat ; S a single-pole double-throw switch ; and K 
a short-circuiting key for the galvanometer. Assum- 
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ing both condensers are completely dischai^ed and 
that the potential rheostat is adjusted to give a read- 
able deflection on the voltmeter, then there will be 
a deflection of the moving system of the galvanometer 
when the switch S is closed in the upper position due 
to the charging quantity in the condenser C, Another 
deflection will be obtained when the switch S is closed 
in its lower position due to the charging quantity in 
the condenser X. If the deflections of the gsdva- 



i[^ 



> 






Figure 53. — Comparison Method of Measuring Capacity. 

nometer are directly proportional to the quantities 
producing them, then the two quantities in the above 
cases will bear the same relation to each other as 
exists between the two deflections. 

Since the quantity input to a condenser varies 
directly as its capacity, the applied pressure remain- 
ing constant; then, in this case, the capacities of the 
two condensers are to each other directly as the deflec- 
tions of the galvanometer. 

Very frequently the deflection of the galvanometer 
does not vary directly as the quantity of electricity 
sent through it, or, in other words, its constant is not 
the same for all deflections of the moving system. 
If this happens to be the case, the comparison can 
be made as follows: First, charge the unknown ca- 
pacity to a known pressure and carefully observe the 
deflection of the galvanometer produced by the charg- 
ing quantity ; and second, charge the known capacity 
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to such a pressure that the charging quantity will 
produce the same deflection as in the case of the 
unknown capacity, which will have to be determined 
by several trials. The condensers should both be 
completely discharged before attempting to measure 
the chaining quantity. Since the same deflections are 
produced by the charging quantities, it follows that 
the quantities themselves are equal, and the capacities 
of the two condensers will be to each other universally 
as the electrical pressures required to produce the 
equal quantities, that is, the larger pressure will be 
required between the terminals of the smaller capac- 
ity. Representing the pressures over the standard, or 
condenser of known capacity, by Ec, and the pressure 
over the capacity of unknown value by Ex, the follow- 
ing relation may be written : 

X^Ec 

C Ex 

Jllx 

The value of X will be in farads or microfarads, 
depending upon what unit the capacity of the stand- 
ard condenser C is measured in. The choice of the 
above methods will depend entirely upon the charac- 
teristics of the galvanometer and the accuracy with 
which the pressure impressed upon the terminals of 
the condensers may be measured. 

Measuring Capacity by the Bridge Method, — This 
method of measuring capacity is very similar to the 
Wheatstone-bridge method of measuring resistances. 
In this case two arms of the bridge are composed of a 
known and unknown capacity C and X, as shown in 
Figure 54, while the remaining two arms are composed 
of known resistances A and B, one or both of which 
may be varied. A source of alternating current O 
is substituted for the battery, and a telephone receiver 
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R for the galvanometer. The source of alternating 
current may be nothing more than an ordinary hand 
magneto. A balance is obtained by adjusting the 
resistances A and B until no hum, or a minimum hum, 




^ ^ 



Figure 54. — Bridge Method of Measuring Capacity. 

is heard in the telephone receiver with the magneto 
O in operation and the key K closed. The relation 
of the two capacities will be the inverse of the relation 
between the resistances when a balance is obtained, or 



X 
C 



A 
B 



and 



X = 



B^ 



In measuring capacity by the bridge method, it is nec- 
essary that the resistances A and B, forming two arms 
of the bridge, be non-inductively wound and that they 
have no appreciable capacity. The value of the 
capacity of the condenser X will be given in the same 
unit as the capacity of the standard condenser C. 



CHAPTER V 

THE ALTERNATING-CURRENT CIRCUIT 

Definition of an Alternating Electromotive Force or 
Current. — ^An alternating electromotive force is one 
that changes in value and reverses in direction at cer- 
tain regular intervals. Such an electromotive force 
would be induced in a loop of wire revolved in a mag- 
netic field as shown in Figure 55. An alternating 




Figure 55. — Single Loop Revolving In a Magnetic Field. 



current would be produced in any closed circuit con- 
nected to brushes which rest upon two metal rings 
connected to the terminals of the loop. 

When the plane of the coil is perpendicular to the 
direction of the field, the two sides are moving parallel 
to the direction of the field and there will be no 
induced electromotive force. On the other hand, when 
the plane of the coil is parallel to the direction of the 
magnetic field, the two sides are moving perpendicular 
to the field or directly across it and the induced elec- 
tromotive force will have its maximum value. The 
induced electromotive force for intermediate positions 
of the coil will be equal to the maximum induced elec- 
tromotive force multiplied by the sine of the angle 
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the plane of the coil makes with a plane perpendicular 
to the direction of the magnetic field. 

Hydraulic Analogy of an Alternating Current. — 
The alternating current in an electrical circuit can be 
compared to the flow of water in a closed pipe con- 
nected to a cylinder, in which there is an oscillating 
piston operating, as shown in Figure 56. If the arm 




Figure 56. — Hydraulic Analogy of an Alternating-Current Circuit. 

A be revolved at a constant angular velocity, there 
will be a flow of water through the pipe, which may 
be represented graphically by a curve, as shown in 
Figure 57. The length of the horizontal line corre- 
sponds to the time of one complete revolution of the 
arm A; and the length of the vertical line from the 
horizontal one to the curve— called the ordinate of 




EMgure 57. — Curve Representing Flow of Water. 

the curve — at any instant, represents the rate at which 
the water is passing a given cross-section of the pipe, 
or the current in the pipe. As one direction of flow 
is assumed positive, the other is negative, and this is 
represented in the curve by drawing part of the curve 
above the horizontal line and part below. The posi- 
tive and negative directions are only relative. From 
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an inspection of Figure 56 it will be obvious that the 
movement of the piston in the cylinder is proportional 
to the horizontal component of the motion of the pin 
in the end of the arm, and this component of the pin's 
motion is proportional to the sine of the angle between 
the arm and the horizontal. Such a curve as that 
shown in Figure 57 is called a sine curve. 

Cycle, Frequency, Alternation, Period, Synchro- 
nism, and Phase Displacement. — ^When an alternating 
electromotive force, or current, has passed through a 
complete set of positive and negative values, starting 
from any value and again returning to that value in 
the same direction, it has completed what is called a 
cycle. A complete set of positive and negative values, 
or one cycle, is shown by the curve in Figure 57. 

The number of cycles the electromotive force, or 
current, passes through in one second is called the 
frequency. Thus, a 25-cycle electromotive force or 
current would be one that passed through a complete 
set of positive and negative values 25 times per second. 

An alternation is half a cycle, and corresponds to 
a complete set of positive or negative values of electro- 
motive force, or current. There will be just twice 
as many alternations in a given time as there are 
cycles, or a frequency of 25 cycles would mean 50 
alternations per second. 

The period of an electromotive force, or current, is 
the time in seconds required to complete one cycle. 
Thus, the period of a 25-cycle electromotive force, or 
current, would be 1/25 of a second and of a 60-cycle 
electromotive force, or current, 1/60 second. 

Two electromotive forces, or currents, are said to 
be in synchronism when they have the same frequency. 

Any number of electromotive forces, or currents, 
are said to be in pha^e when they pass through corre- 
sponding values of their respective cycles at the same 
time. The two curves shown in Figure 58 do not pass 
through zero or their maximum points at the same 
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time and, therefore, are said to be displaced in phase. 
Assume that curve E, Figure 58, represents the elec- 
tromotive force acting on a circuit, and that curve / 
represents the current produced by this electromotive 
force. The current in this case passes through zero 
value after the electromotive force, or it is said to lag 




Figure 58. — ^Two Curves Displaced in Phase. 

the electromotive force in phase. This phase dis- 
placement of two quantities with respect to each other 
may be measured in degrees or time. The total length 
of the line AC, Figure 58, corresponds to one cycle 
of the electromotive force, or 360 degrees, and like- 
wise the length of the line DG, which is equal to AC, 
corresponds to one cycle of the current, each starting 
from zero value. The two curves are displaced in 
phase the same fractional part of 360 degrees as the 
length of line AD is a part of AC. The displacement 
of the two curves measured in terms of time is equal 
to such a fractional part of the i)eriod as the length 
of line AD is a part of AC. 

Maximum, Average, and Effective Values of Elec- 
tromotive Force, or Current. — The maximum value 
of an alternating electromotive force, or current, is 
the value represented by the ordinate of the electro- 
motive force, or current, curve having the greatest 
length. Thus in Figure 57 the maximum flow occurs 
at 90° and 270°, it being opposite in direction for the 
two positions but having the same value. 

The average value of an alternating electromotive 
force, or current, is equal to the average of all of the 
instantaneous electromotive forces, or currents, for 
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a complete alternation, starting with zero value and 
returning to zero. For a sine curve the average 
values of the electromotive force and current is .636 
times their maximum value. This relation is deter- 
mined by finding the area of a positive or negative 
loop of the electromotive force, or current, curve and 
dividing this area by the distance between the two 
points where the curve crosses the horizontal line. 
Each of the rectangles shown by shaded portions in 
Figure 59 have the same area as one loop of the sine 




Figure 59. — Relation of Maximum and Average Values. 

curve, and the altitude of these rectangles is equal to 
.636 of the maximum ordinate of the curve. 

The effective value of an alternating current is 
numerically equal to a steady direct current that will 
produce the same heating effect in a given time as is 
produced by the changing alternating current in a 
like time. If a conductor has a resistance of R ohms 
and it is carrying a current of / amperes, then the 
power in watts expended in heating the conductor is 
equal to the value of the current squared, times the 
resistance of the conductor. "When the conductor is 
carrying an alternating current, the heating effect is 
continuously changing and it is necessary to add the 
instantaneous heating effects for a given time in order 
to get the total heating effect. The same heating 
effect could be produced by a steady current and the 
value of the steady current that must flow for the 
same time as the alternating current in order to pro- 
duce the same total heating effect corresponds in value 
to the effective alternating current 
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P Rt = average i^ Rt 
p = average t^ 



/= y average i^ 

The small letters in the above equations are used to 
represent instantaneous values. 

For a sine curve, the square root of the average 
of the instantaneous currents squared is equal to 
.707 times the maximum current. The ordinate of 
the rectangles shown in Figure 60 corresponds to 




Figure 60. — Relation of Maximum and Effectlye Values. 

the effective value of a current whose maximum value 
corresponds to the maximum ordinate of the sine 
curve. 

The effective value of an electromotive force has 
the same relation to its maximum value as exists 
between maximum and effective currents, namely, the 
effective electromotive force for a sine curve is equal 
to .707 times the maximum value. 

Alternating-current ammeters and voltmeters indi- 
cate the effective value of current and electrical 
pressure. 



Average value: 
Effective value 
Effective value 



.636 maximum value 
.707 maximum value 
1.11 average value 



The form factor of a wave is numerically equal to 
the effective value divided by the average value. For 
a sine wave it is 1.11. A wave having more of a peak 
than a sine wave will have a form factor greater than 
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1.11, and a wave which is flatter on top than the sine 
wave will have a form factor less than 1.11. The 
minimnm value any form factor can have is unity, 
and in such a case the loops of the wave are rectan- 
gular in form. In the following calculations the 
current and the electromotive force are assumed to 
follow a sine curve. 

Vector Representation of Alternating Electromotive 
Forces and Currents, — Since electromotive forces and 
currents have both direction and magnitude, their 
relation to each other may be represented by a vector 
diagram. Thus, if a current of 10 amperes lagging 
the electromotive force producing it, which has a 
value of 10 volts, by an angle of 45 degrees would be 
represented as shown in Figure 61. The vectors can 




Figure 61.— Vector Diagram. 

be thought of as rotating, and one revolution corre- 
sponding to 360 degrees. In such vector diagrams 
the counter-clockwise direction of rotation is taken 
as positive. Some one of the vectors in the diagram 
is taken as a reference line and the others are so 
drawn that they make the proper angle with this 
line and also with each other. In all practical cases, 
the effective values of the electromotive force and 
the current are used in vector diagrams. 

Ohm's Law for an Alternating-Current Circuit. — 
Ohm's law, as applied to the direct-current circuit, 
expresses the relation between the electrical pressure 
between any two points of a circuit, the resistance of 
the circuit between the two points, and the current 
in the circuit. In such a case the only opposition 
offered by the circuit to the flow of electricity is the 
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resistance of the materials composing the circuit. 
When an alternating electrical pressure acts upon a 
circuit, the eflfective current produced is equal to the 
effective pressure divided by the resistance of the cir- 
cuit, provided there is no capacity or inductance in 
the circuit. If capacity or inductance, or both, be 
present in the circuit, the total opposition offered by 
the circuit to the flow of electricity through it will 
be greater than the ohmic resistance of the circuit 
unless the effects of capacity and inductance neutral- 
ize each other, as will be explained later, in which 
case the opposition offered is equal to the ohmic 
resistance of the circuit. The combined effects of 
resistance, capacity, and inductance in opposing the 
free flow of electricity through a circuit is called the 
impedance of the circuit. The combined effects of 
capacity and inductance is called the reactance of the 
circuit; the effect of capacity is called capacity 
reactance and the effect of inductance is called in- 
ductive reactance. Eeactance and impedance are 
measured in the same unit as resistance, namely, the 
ohm. The symbol usually used for impedance is the 
letter Z, and that for reactance the letter X, it being 
given a subscript C when it represents capacity react- 
ance, and a subscript L when it represents inductive 
reactance. 

Ohm's laws for the alternating-current circuit may 
be written as follows : 

effective pressure 



effective current 



Amperes = 



impedance 

volts 
ohms 

E 



'=Z 

The methods of calculating the capacity and inductive 
reactance and the method of combining the reactances 
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and resistance to obtain the impedance will be given 
in the following sections. 

Effect of Resistance in an Alternating-Current Cir- 
cuit. — ^In discussing the effect of resistance in this 
section and the effects of inductance and capacity as 
given in the following two sections, we will assume 
that a certain current is to be produced in the circuit 
and then proceed to calculate the total electrical pres- 
sure required to overcome the resistance and the 
inductive and capacity reactance. 

If the current through a circuit containing resist- 
ance alone be represented by the curve /, Figure 62, 




Figure 62. — Phase Relation of E. M. F. and Current In a Circuit 

Containing Only Resistance. 



then the electrical pressure at any instant required 
to produce this current is equal to the product of the 
current at that instant and the resistance of the cir- 
cuit. It is obvious that the pressure required to 
produce the desired current varies directly as the 
current, and they pass through corresponding values 
at the same time. The current and the electrical 
pressure will, as a result, be in phase, and the elec- 
trical pressure may be represented by a second 
curve, Er. 

Effect of Inductance in an Alternating-Current 
Circuit. — ^Let us assume that the circuit contains 
inductance alone, and that there is a current to be 
produced in the circuit, which may be represented by 
the curve /, Figure 63. There will be a magnetic 
field produced by the current which will vary in value 
with the current and also reverse in direction when 
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the current reverses. "With a change in magnetic flux 
associated with the circuit, there will be an induced 
electromotive force produced in the circuit, which at 
any instance is proportional to the rate at which the 
magnetic flux is being cut by the circuit. Since the 
magnetic flux associated with the circuit varies in 
value with the current, it is apparent that this flux 
will be changing in value at the greatest rate when 
the current is changing at the greatest rate or passing 
through zero value and, as a result, the induced elec- 
tromotive force in the circuit will be a maximum 
when the current is a minimum, or zero. It must be 
clearly understood that the induced electromotive 
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Figure 63. — Phase Relation of B. M. F. and Current in a Circuit 

Containing Only Inductance. 

force does not depend upon the value of the total 
magnetic flux, but upon the rate at which this flux 
is changing in value, that is, the rate at which the 
circuit is cutting the flux. The direction of this in- 
duced electromotive force will always be such as to 
oppose any change in the value of the current. Thus, 
if the current be increasing in value in the positive 
direction, as it is between the points A and B in the 
figure, the induced electromotive force acts in such a 
direction as to oppose this change in the current, or 
it acts in the negative direction. If the current be 
decreasing in value in the positive direction, as it is 
between the points B and C in the figure, the induced 
electromotive force opposes this decrease, or it acts 
in the positive direction. If the current be increas- 
ing in value in the negative direction, the induced 
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electromotive force will oppose this increase, or it 
acts in the positive direction, etc. The induced elec- 
tromotive force produced in the circuit may be rep- 
resented by a curve, Cl, as shown in the figure. Since 
the circuit was assumed to have only inductance — ^a 
theoretical condition, as all circuits will have some 
resistance — ^the electromotive force required to pro- 
duce the desired current would be one that would just 
overcome the electromotive -force induced in the cir- 
cuit due to the inductance. Such an electromotive 
force would be represented by the curve jSl, whose 
ordinates are at each instant equal to those of the 
curve 6l but opposite in sign, or Ei, acts opposite to 
Cl and will produce the current I. 

From the relation of the curves Ej^ and I in the 
figure, it is seen that the current and the impressed 
electrical pressure in a circuit containing only induct- 
ance are displaced in phase by 90 degrees and that 
the current lags the impressed electrical pressure. 

Effect of Capacity in an Alternating-Current 
Circuit. — The current to be produced in a circuit con- 
taining only capacity may be represented by a curve 
such as I, Figure 64. The action of the condenser in 




Figure 64. — Phase Relation of E. M. F. and Current in a Circuit 

Containing Only Capacity. 

the alternating-current circuit may be explained by 
means of the hydraulic analogy shown in Figure 48. 
Assuming the liquid in the pipe is flowing toward the 
right, which we will call the positive direction, and 
that the diaphragm is being deflected to the right of 
its normal position. When the diaphragm is in its 
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normal, or vertical, position, it offers no opposition 
to the flow of the liquid; but just as soon as it is 
moved from this position, it immediately opposes the 
flow and its opposition increases in value as its deflec- 
tion increases. The strain in the diaphragm when it 
is deflected to the right of its normal position acta 
toward the left; and when it is deflected to the left 
of its normal position, the strain acts toward the right. 
The current in such a circuit is a maximum when the 
diaphragm is iq its vertical position, or when the 
opposition is a minimum ; and it is a minimum when 
the diaphragm is deflected to its maximum deflection, 
or when the opposition is a maximum. Assuming the 
current is decreasing from a positive maximum value 
or the diaphragm is moving from its normal position 
toward the right, then the strain in the diaphragm is 
increasing and it acts in the opposite direction to the 
current. Next, assiune the current is increasing from 
zero value toward a maximum negative value, or the 
diaphragm is moving from the extreme right toward 
its normal position, then the strain in the diaphragm 
is decreasing and it acts in the same direction as the 
current. Next, assume the current is decreasing in 
the negative direction, or the diaphragm is moving 
from its normal position toward the left, then the 
strain in the diaphragm is increasing and it acts in 
the opposite direction to the current. Finally, assume 
the current is increasing from a zero value toward 
a maximum positive value, or the diaphragm is mov- 
ing from the extreme left toward its normal position, 
then the strain in the diaphragm is decreasing and 
it acts in the same direction as the current. The 
value of the strain in the diaphragm and the current 
in the hydraulic circuit correspond in their phase 
relation to the strain in the condenser dielectric and 
the current through it, and their phase relation. The 
strain between the terminals of the condenser, through 
which a current, /, is to be produced, may be repre- 
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sented by a curve, ec. The impressed electrical pres- 
sure must at each instant be equal and opposite to 
the strain in the dielectric in order to produce the 
current /, or it would be represented by a curve Ec 
whose ordinates are equal to those of ec but of opposite 
sign. It is seen from an inspection of the curves that 
the current in a circuit containing capacity alone 
leads the impressed pressure by 90 degrees. 

Numerical Value of Electromotive Force to Over- 
come the Effect of Resistance, Inductance, and 
Capacity. — If the current in a circuit is changing 
according to a sine curve and / be taken as the effect- 
ive value of current in the circuit, the effective elec- 
trical pressure required to overcome the effects of in- 
ductance and capacity, represented by Ei, and Ecy 
can be determined by the following equations : 

Ej^ = 2X''rXfXLXl 
E -—L— 

in which 7r= 3.1416; / represents the frequency in 
cycles per seconds ; L is the inductance of the circuit 
in henries ; C is the capacity of the circuit in farads ; 
and / is the effective current in amperes. The elec- 
trical pressure required to overcome the effect of 
inductance leads the current by 90 degrees, and the 
electrical pressure required to overcome the effect 
of capacity lags the current by 90 degrees. 

The electrical pressure required to overcome the 
resistance is in phase with the current, and numeric- 
ally equal to the product of the resistance and effective 
current in amperes. These three electrical pressures 
can be represented by three vectors, as shown in 
Figure 65, the counter-clockwise direction of rotation 
being taken as positive. 

Total Electrical Pressure Required to Produce a 
Given Alternating Current, — If the two quantities 
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2irfLI sndl -7-2^/0, Figure 65, are equal in value, the 
vectors representing them will be equal in length. 
The resultant of these two vectors wiU then be zero, 
and the only electrical pressure required to produce 
the current I is that to overcome the resistance, which 
is equal to RI. If, however, the electrical pressure 
required to overcome the effect of inductance is greater 
than that required to overcome the effect of capacity, 
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Figure 65. — Vector Diagram of Pressures. 

the vector Ei,, Figure 65, will be greater in length 
than the vector Eq. The resultant of these two vectors 
will be equal to Ei, — Ect and its direction wiU corre- 
spond to the larger vector, or in this case Ei,. This 
resultant must now be combined with En in order to ob- 
tain the value of the total pressure required to produce 
the current /, which can be done graphically, as shown 
in the figure. The resultant E is equal to the diagonal 
of a parallelogram whose sides in this case are 
{Et. — ^c) and Er, and its value is equal to the square 
root of the sum of the squares of the two sides, or 



E = VEr'+{Ej^—Ecy 

Substituting in the above equation the values of Ej^ 
and Ec as given in the previous section, and the value 
of Er, which is equal to BI, gives the equation. 
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By taking / from under the radical sign, this equation 
can be changed to the form 



or 



E=I^R^^{2.fL-^^) 



7= ^ 



The above equation gives the value of the effective cur- 
rent / in amperes in terms of the impressed effective 
electrical pressure E, in volts ; the inductance L of the 
circuit, in henries; the capacity C of the circuit, in 
farads ; the frequency /, in cycles per second ; and the 
constant 27r, which equals 2 X 3.1416, or 6.2832. 

Numerical Value of Capacity and Inductive React- 
ance, atid Impedance, — The denominator of the right- 
hand portion of the last equation in the previous 
section is the impedance of an alternating-current 
circuit in ohms. The part under the radical sign 
which is enclosed in parenthesis, is called the react- 
ance of the circuit, and it is represented by the letter 
X, or 

X = 2irfL — TT-fTT ohms 

The above value of X is composed of two parts, ^irfL 
and (l-r-27r/C). The product of 2irfL is the nu- 
merical value of the inductance reactance and it is 
represented by the symbol Xl, while 1 divided by 
2'jrfC is the numerical value of the capacity reactance 
and is represented by the symbol Xc. In general 



Z = yJR'' + X' 
or 



Z=^/R^+{X^ — X^y 

From the above expression for the numerical values 
of the reactances, it is really seen that the value of the 
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inductiye reactance increases with an increase in fre- 
quence and the value of the capacity reactance 
decreases with an increase in frequency. 

Phase Relation of the Electrical Pressure over the 
Various Parts of a Series Circuit and the current in 
the Circuit. — The series circuit shown in Figure 66 




Figure 66. — Series Circuit. 

is composed of three parts, a resistance B, an induct- 
ance L, and a capacity C. Four alternating-current 
voltmeters are indicated in the figure, one being con- 
nected across each of the three elements and the fourth 
across the entire combination. The current is the 
same in all parts of such a circuit, neglecting the cur- 
rent through the voltmeters, and an ammeter, that 
will operate on alternating current, may be connected 
in the circuit at any point and it will indicate the 
current that exists in the circuit. The three volt- 
meters marked V^, Fj? ^^^ ^3> indicate the electrical 
pressure between the termiuals of the resistance, in- 
ductance, and capacity, and the one marked V indi- 
cates the total pressure over the entire circuit. In the 
case of a series circuit carrying a direct current, the 
sum of the pressures over the various parts is equal 
to the total impressed pressure; but this is not the 
case for a series circuit carrying an alternating cur- 
rent unless the elements of the circuit are of the same 
kind, namely, resistances, inductances, or capacities, 
or similar combinations of two or more of these. The 
drop in pressure between the terminals of the resist- 
ance is in phase with the current; the drop in pres- 
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sure between the terminals of the inductance leads the 
current by 90 degrees ;. and the drop in pressure be- 
tween the terminals of the capacity lags the current 
by 90 degrees. The difference in electrical pressure 
between the terminals of the various parts of a series 
circuit must be added vectorily in order to obtain the 
total electrical pressure over the entire combination. 

In practice, it is impossible to have a series circuit 
composed of elements which in turn are composed of 
inductance and capacity alone, and the various ele- 
ments are usually a combination of resistance and 
inductance, or capacity, or both. In such a case the 
drop in pressure between the terminals of the different 
elements is never displaced in phase from the current 
by 90 degrees, but may approach this displacement 
very closely in some cases. It is possible to have an 
element composed of resistance alone and in such case 
the current through the resistance and the pressure 
between its terminals are in phase. 

Phase Relations of the Currents in the Different 
Branches of a Divided Circuit and the Electrical Pres- 
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Figure 67. — Divided Circuit. 



sure Acting on the Circuit. — ^A divided or parallel 
circuit composed of three branches is shown in Figure 
67. The upper branch is a non-inductive resistance. 
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the middle branch is an inductance, and the lower 
branch is a capacity. A voltmeter C connected be- 
tween the terminals B and D indicates the difference 
in pressure between the terminals of the three 
branches. The current in any one of the branches is 
equal to the pressure acting on the branch, as indi- 
cated by the voltmeter, divided by the impedance of 
the branch. In the upper branch, the pressure and 
the current are in phase, since there is no reactance 
present in the circuit. The current lags the pressure 
by 90 degrees in the middle branch and leads the pres- 
sure by 90 degrees in the lower branch, on account of 
the presence of only inductive and capacity reactance 
in the middle and lower branches, respectively. If the 
currents in the three branches were all in phase with 
the electrical pressure, or if they were each displaced 
in phase with respect to the electrical pressure the 
same amount, the current in the main circuit would 
be equal to the numerical sum of the different branch 
currents. The above phase relation between branch 
currents and the pressure does not, as a rule, exist 
in practice and it is necessary to add the different 
branch currents by means of vectors. It is impos- 
sible in practice to have a branch of a divided circuit 
composed of inductance, or capacity, alone, and the 
various branches are usually combinations of resist- 
ance and inductance, or capacity, or both. In such a 
case the current in any branch and the pressure acting 
on the branch are never displaced in phase by 90 
degrees, but may approach this displacement very 
closely in some cases. It is possible to have one branch 
of a divided circuit composed of resistance alone, and 
in such a case the current and the pressure are in 
phase. 

Impedance Diagram, — Since the impedance of a 
circuit is equal to the square root of the sum of the 
squares of the resistance and the reactance of a circuit, 
the relation of the three quantities may be expressed 
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graphically by means of a right-angled triangle, as 
shown in Figure 68. The vertical side represents the 
reactance, the horizontal side the resistance, and the 
diagonal represents the impedance. 




^-r^-4; 



Figure 68. — Impedance Diagram. 

Comiimng Impedances in Series, — The combined 
impedance of several impedances in series may be 
obtained by combining their impedance diagrams, as 
shown in Figures 69 and 70, respectively. In the first 
case both reactances are inductive and the resultant 
reactance is equal to the sum of the reactances of the 
several impedances. Likewise, if both reactances had 
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Figure 69. — ^Adding Impedances with Like Reactances. 

been due to capacity, the resultant reactance would be 
equal to the sum of the several reactances, but the 
lines representing the reactances would then be drawn 
downward from the horizontal rather than upward. 
In the second case the two reactances are different, 
one being due to inductance and the other to capacity, 
and the resultant reactance is equal to the difference 
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in their values. It is customary in dealing with such 
problems to consider the capacity reactance as nega- 
tive and the inductive reactance as positive, the result- 
ant reactance being the algebraic sum of the react- 
ances. Then if the resultant reactance is positive, the 
current lags the electrical pressure ; and if the result- 
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Figure 70. — Adding Impedances with Unlike Reactances. 



ant reactance is negative, the current leads the elec- 
trical pressure. 

The impedance Z of a series circuit composed of a 
number of impedances Z^, Z^, Z^, etc., can be calcu- 
lated by substituting in the following general equation 

Z=^^{R^ + R^ + B, + etc.r+{X^ + X, + X,etQ,y 

in which Bj, R2, Rs, etc., represent the resistances of 
the different impedances, and Xj, X2, X^, etc., repre- 
sent their reactances. 

Example. — Calculate the impedance of a circuit composed of 
two impedances in series having resistances of 10 and 15 
ohms and reactances of — 12 and 20 ohms, respectively. 

Solution. — The total resistance of the circuit is equal to 
(10 -f- 15), or 25 ohms, and the resultant reactance is equal 
to ( — 12 + 20), or 8 ohms. Combining the total resistance 
and resultant reactance gives 



Z= V 25" + 8' 

= V689 

= 26.2- ohms 
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The current in this circuit due to any electrical 
pressure would be equal to the value of the effective 
pressure, in volts, divided by the impedance and the 
current would lag the pressure because the resultant 
reactance is positive. 

The impedance of a series circuit can be determined 
experimentally by sending an alternating current of 
known value through the circuit and measuring the 
difference in pressure between the terminals of the 
circuit, which, divided by the current, gives the impe- 
dance. The frequency of the current should corre- 
spond to the frequency at which the impedance is 
desired. 

Combining Impedances in Parallel. — In calculating 
the combined impedance of a number of impedances 
in parallel, an equation is used similar to that for 
impedances in series, but instead of using the separate 
resistances and reactances, the conductance and sxis- 
ceptance of the circuit are used. 

The conductance of a circuit is a quantity by which 
the electrical pressure must be multiplied to give the 
component of the current parallel to the electrical 
pressure. The conductance is represented by the let- 
ter O and it is numerically equal to 

^ R R 

The susceptance of a circuit is a quantity by which 
the electrical pressure must be multiplied to give the 
component of the current perpendicular to the elec- 
trical pressure. The susceptance is represented by 
the letter B and it is numerically equal to 



B = 



R^ + X^ Z 



The reciprocal of the impedance is called the 
admittance and it is represented by the letter Y, 
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r=i-=-z 

Since Z^E-i-I, then 

Conductance, susceptance, and admittance are all 
measured in a unit called the mho. 

The admittance of a circuit bears the same relation 
to the conductance and susceptance as exists between 
the impedance; resistance, and reactance, or 



The total impedance of a number of impedances in 
parallel, then, is equal to the reciprocal of the admit- 
tance, which can be determined by the equation 

Y=y/ {0, + 0, + ete.y+{B, + B, + eUt.y 

Example. — Calculate the total unpedance of two impedances 
in parallel, having resistances of 6 and 8 ohms and reactances 
of 4 and 5 ohms, respectively. 

iSo^wtion.^-Substituting in the above equations for conduct- 
ance and susceptance gives 

6i = 67:pt. = i- = -1154 mho 



8 ^_8 

8' + 5' 89 



Gj = „„ . .„ = _- = .0899 mho 



The total conductance G of the circuit is equal to ft + G^, or 

G = .1154 + .0899 = .2053 mho 
and the total susceptance B of the circuit is equal to Bi + B^y 
or B = .0769 -f .0562 = .1331 mho 
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The admittance m&y be calculated by substituting in the 
equation which gives its value in terms of the total conduct- 
ance and total susceptance, or 



r = V .2053^ + .133P 
= .244 mho 
The impedance is equal to the reciprocal of the admittance, or 

Z = 1 -5- .244 
= 4.09 ohms 

The impedance of several impedances in parallel 
may be determined by sending a current through the 
combination and noting the drop in electrical pressure 
between the terminals, which, divided by the current, 
gives the impedance. It must always be kept in mind 
that the impedance depends upon the frequency and, 
in making a measurement as indicated above, the 
proper frequency should be used. 

Instantaneous Power in an Alternating-Current 
Circuit. — The instantaneous power in an alternating- 
current circuit at any instant is equal to the product 




Figure 71.— Instantaneous Power, Current and Pressure in Phase. 

of the current in the circuit at that instant and the 
electrical pressure acting on the circuit at that instant. 
The two curves I and E, Figure 71, represent the cur- 
rent in a circuit and the pressure acting on the circuit, 
both being drawn to a suitable scale. These two curves 
are in phase and the ordinates of both will always be 
either positive or negative, which results in their prod- 
uct always being positive. A third curve may be 
drawn having ordinates proportional to the product 
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of the quantities represented by the ordinates of the 
curves I and E, as indicated by P in the figure. 

If the current and the electrical pressure be dis- 
placed in phase, as sliovm in Figure 72, the ordinates 
of the two curves do not change in sign at the same 
time and, as a result, the product of the quantities 
represented by these ordinates is not positive through- 
out the cycle but is negative in sign for a portion of 
the time, which results in a part of the ciirve P being 
below the horizontal line. Therefore, when the cur- 




Figure 72. — Instaotaneous Power, Current and Pressure Out of 

Phase. 

rent and the pressure are in phase, or there is no 
resultant reactance in the circuit, the power is all 
positive, that is, no power is being returned from the 
generator. The power in such a case is proportional 
to the combined area of all the loops in the power 
curve. 

If the current and the pressure are not in phase, or 
the resultant reactance in the circuit is not zero, the 
effective power is proportional to the difference in 
area of the positive and the negative loops of the 
power curve, because the negative loops of the power 
curve represent power which is being returned to the 
generator. 

True Power in Altemating-Ciurrent Circuit. — The 
true power in an alternating-current circuit in watts, 
in which the current and the electrical pressure are in 
phase, is equal to the product of the effective values 
of the pressure and the current. The true power in 
an alternating-current circuit in which the current 
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and the electrical pressure are displaced in phase by 
90 degrees is zero, because the areas of the positive 
and the negative loops of the power curve are equal 
and just as much power is returned to the generator 
from the circuit as the generator delivers to the cir- 
cuit. It is impossible to have such a condition in 
practice as all circuits contain some resistance. 

In general, the current and the electrical pressure 
in an alternating-current circuit are displaced in 
phase by angles varying in value between zero and 
90 degrees, depending upon the relative amounts 
of reactance and resistance present in the circuit. 
In any case the actual current in the circuit may 
be thought of as composed of two parts or com 
ponents, one of which is in phase with the pressure 
and the other at right angles to the pressure. It is 
obvious from the previous discussion that there is no 
resultant power due to the component of the current 
at right angles to the pressure, as the positive and the 
negative loops of the power curve are equal in area. 
The power due to the component of the current in 
phase with the pressure is all positive or, if this were 
the only current in the circuit, the generator would 
be delivering power all the time. The component of 
the current at right angles to the pressure is called 
the reactive component, while the component in phase 
with the pressure is called the power component. The 
effective power due to the resultant, or actual, current 
in the circuit is equal in amount to that due to the 
power component of the current. Hence, in order to 
compute the effective power in such a circuit, it is 
necessary to determine the value of the component of 
the current in the circuit in phase with the pressure, 
and then multiply the effective value of this compon- 
ent by the effective pressure. 

A current and an electrical pressure are represented 
by two vectors I and E, Figure 73, and they are dis- 
placed in phase by 30 degrees, the current lagging 
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the pressure. The component of the current in phase 
with the electrical pressure, or the power component, 
is proportional to the projection of the current vector 
upon the pressure vector. The component of the cur- 
rent at right angles to the pressure, or the reactive 
component, is proportional to the projection of the 
current vector upon a line perpendicular to the pres- 



Figure 73. — ^Vector Diagram. 

sure vector. These projections are shown graphically 
in the figure, but their numerical values may be deter- 
mined as follows: The power component of the cur- 
rent is equal to the product of the current and the 
cosine of the angle 6 between the current and the 
pressure, while the reactive component of the current 
is equal to the product of the current and the sine of 
the angle 6 between the current and the pressure. 
The effective power, then, is equal to 

P=EXI cos 6 

The product of E and I in the above equation is 
called the apparent power, and the term cos 6 is called 
the power factor, since it is the factor by which the 
apparent power must be multiplied in order to obtain 
the true or effective power. When the current and 
the pressure are in phase, the angle between them is 
zero and the cosine of 6 is equal to unity, which 
results in 

p=^x/xi=^x/ 

If the current and pressure are displaced in phase by 
90 degrees, the angle between them is zero and the 
cosine of ^ is equal to zero, which results in 

P=EXIX0=0 
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The power factor of a circuit will depend upon the 
relative amounts of resistance and reactance present 
in the circuit. 'Thus, induction motors running on 
light load take a lagging current, while synchronous 
motors with over-excited field take a leading current. 

In transmitting energy over a circuit, it is always 
desirable to have the value of the power factor as 
near unity as possible, since the current in the circuit 
for a given power is a minimum with unity power 
factor and, hence, the losses are a minimum. Fre- 
quently special equipment is introduced or connected 
to the circuit in order to increase the value of the 
power factor, the saving resulting in the decrease in 
the losses offsetting the cost of the equipment. 

Single-y Two-, and Three-PJuise Alternators. — A 
single loop of wire revolving in a magnetic field, as 
shown in Figure 55, corresponds to what is called a 
single-phase alternating-current generator. There is 
only one electromotive force induced and the ter- 
minals of the loop may be connected to the external 
circuit by brushes and slip rings as shown in the 
figure. 

If a second loop of wire be mounted on the shaft 
with the first with its plane at right angles to the first, 
the electromotive forces in the two loops will be dis- 
placed in phase by 90 degrees. Each loop may be 
provided with two slip rings and connected to inde- 
pendent external circuits or one ring may be common 
to both loops in which case only three rings and three 
brushes are required. These two possible arrange- 
ments are shown diagrammatically in Figures 74 and 
75. This combination of two loops displaced in phase 
by 90 degrees constitutes what is termed a two-phase 
alternator. 

If three loops of wire, whose planes are 60 degrees 
apart, be revolved in a magnetic field, there will be 
electromotive forces induced in the loops which will 
be displaced in phase from each other by 120 degrees. 
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Each of these three loops may be provided with two 
slip rings and two brushes and connected to independ- 
ent external circuits, as shown in Figure 76, or each 
ring may be common to two loops, in which case only 





Figure 74. — Four- Figure 75. — ^Three- Figure 76. — Six- 
Ring Two-Phase Al- Ring Two-Phase Al- Ring Three-Phase Al- 
ternator. ternator. ternator. 

three rings and three brushes will be needed. The 
three loops may be connected to the three rings in two 
different ways, as shown in Figures 77 and 78. The 
loops are said to be delta-connected in Figure 77, and 





Figure 77. — Delta-Connected 
Three-Phase Alternator. 



Figure 78. — Star-Connected 
Three-Phase Alternator. 



star-connected in Figure 78. The delta connection is 
usually represented by the symbol A, and the star 
connection by the letter Y. 

Producing a Rotating Magnetic Field by Currents 
Displaced in Phase by 90°, or Approximately That 
Amount. — ^An iron ring with two continuous windings 
about it is shown in Figure 79. Each of these wind- 
ings is supplied with current from a two-phase alter- 
nator, the connections being made as indicated in the 
figure. Let us assume that the current in the wind- 
ing connected to phase A is at its maximum value and 
then the current in the winding connected to phase B 
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will be zero. Assume the current in the winding con- 
nected to phase A is passing through the winding 
from terminal A to terminal B, then there will be a 
south magnetic pole formed at A and a north mag- 
netic pole at B. Next assume that the current in the 
winding connected to phase B flows through the wind- 
ing from the terminal C to the terminal D as soon 
as the current in phase B passes through zero value. 
The current in phase B tends to produce a south mag- 
netic pole at the terminal C and a north magnetic pole 
at the terminal D. Now as the current in phase B 
increases in value, its magnetic effect increases and 
at the same time the current in phase A decreases in 
value, its magnetic effect decreases, and this action 




Figure 79. — rroducing a Rotating Magnetic Field. 

continues for one-fourth of a cycle, during which time 
the south magnetic pole is moving from AtoC and the 
north magnetic pole is moving from B to D. It must 
be clearly understood that each current does not pro- 
duce independent magnetic poles only when the value 
of the other current is zero, but the magnetic effects 
of the two currents in the separate windings combine 
and produce a resultant magnetic effect whose direc- 
tion determines the location of the poles on the ring 
and their polarity, and whose value determines their 
strength. 

At the end of the first quarter of the cycle, the 
current in phase A is zero and it then reverses in 
direction, while the current in phase i? is a maximum 
and it starts to decrease, which results in the south 



114 EL.BCTRICAL. MEASUREMENTS 

pole moving from C toward B and the north pole 
moving from D toward A. At the end of the half 
cycle the current in phase B reverses and that in phase 
A decreases, while at the end of three-fourths of the 
cycle, the current in A reverses and the current in C 
decreases to zero. If a compass needle were placed 
inside such a ring, it would revolve in a clockwise 
direction due to the action of the magnetic poles pro- 
duced by the currents. The direction of rotation of 
the compass needle can be reversed by reversing the 
connection of one of the windings which will reverse 
the direction of its magnetic effect and thus cause the 
poles, produced by the currents, to travel around the 
ring in the reverse direction to what they did in the 
first case. 

A rotating magnetic field may be produced by a 
single source of alternating electromotive force in a 
manner similar to the above by connecting the two 
windings in parallel and having the inductance of 
one winding very high and the inductance of the 
other as low as possible. The difference in the induct- 
ances will cause the currents in the two windings to 
be displaced in phase by approximately 90 degrees 
and a rotating magnetic field will be produced. The 
direction of rotation of this field can be changed by 
reversing the connections of one of the windings. 
This method of producing a rotating magnetic field is 
used in the construction of small alternating-current 
motors and watt-hour meters. The construction in 
the case of the motor or meter is not the same as in 
the ring but the fundamental principle is the same. 

If a disk of metal be mounted above or below the 
ring shown in Figure 79, there will be induced cur- 
rents produced in the disk due to the movement of the 
field with respect to the disk and, as a result of the 
action of these currents, there will be a torque pro- 
duced which will cause the disk to rotate in the direc- 
tion the magnetic field is rotating. 
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CALCULATION AND MEASUREMENT OP RESISTANCE 
CALCULATION OP RESISTANCE 

Resistance. — Resistance is defined as being a prop- 
erty of materials which opposes the free flow of elec- 
tricity through them, but does in no way tend to cause 
a current in the opposite direction to that in which 
the electricity actually moves. The unit in which 
resistance is measured is the ohm, and it is numerically 
equal to the resistance offered by a uniform column 
of mercury 106.3 centimeters in length and 14.4521 
grams in mass, at the temperature of melting ice. The 
cross-section of such a column is one square millimeter. 

The michrom is one-millionth of an ohm, and the 
megohm is one million ohms. These units are very 
frequently used in the measurement of very small or 
very large resistances. The inverse of resistance is 
known as the conductance of a material. That is, if 
the resistance of a circuit is R ohms, its conductance is 
equal to (l-r-R). The unit in which conductance is 
measured is the mho, and it is the conductance offered 
by a circuit having a resistance of one ohm. 

The resistance of a conductor depends upon its 
dimensions, the kind of material of which it is com- 
posed, and its temperature. 

Resistance of a Conductor Varies Directly as Its 
Length. — The resistance of a conductor is directly 
proportional to its length, the temperature and cross- 
section of the conductor remaining constant. That 
is, the resistance increases at the same rate the length 
of the conductor increases, just as the resistance of a 
pipe to the flow of water increases as the length of 

115 



116 ELECTRICAL MEASUREMENTS 

the pipe is increased, all other conditions remaining 
constant. Hence, if the length of a conductor is 
increased to four times its original value, the resist- 
ance will be four times as much; or if the length is 
divided into four equal parts, the resistance of each 
part will be one-fourth of the total resistance. 

Example, — The resistance of 25 feet of wire is 10 ohms. 
What is the resistance of 1,000 feet of the same kind of wire? 

Solution, — Since the resistance of a conductor varies di- 
rectly as the length, the resistance of 1,000 feet of the wire 
will be as many times the resistance of 25 feet as 1,000 is 
times 25. Representing the resistance to be calculated by 
E, we may write 

1,000 X 10 

-^= 25 
= 400 ohms 

Resistance of a Conductor Varies Inversely as the 
Area of Its Cross-Section. — The resistance of a con- 
ductor is inversely proportional to the area of its 
cross-section, the temperature and the length of the 
conductor remaining constant, that is, the resistance 
decreases at the same rate the cross-section increases, 
all other quantities remaining constant. Hence, if 
the area of the conductor is reduced to one-fourth its 
original value, the resistance will be four times as 
much; or if its area is increased to four times its 
original value, the resistance will be decreased to one- 
fourth its previous value. 

Example, — ^A conductor .1 square inch in area has a resis- 
tance of .75 ohm per foot. What is the resistance per foot 
of a conductor of the same material .01 square inch in area? 

Solution, — Since the resistance of a conductor varies in- 
versely as the area, the resistance of one having a cross-sec- 
tion of .01 square inch will be as many times that of one hav- 
ing a cross-section of .1 inch as .1 is times .01. Representing 
the resistance to be calculated by JB, we may write 



,1^ 

01 

= 7.5 ohms 



B = ^ X .75 
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Relation of Resistance to Physical Dimensions. — 
From the two previous sections, we know the resist- 
ance of a conductor varies directly as its length and 
inversely as the area of its cross-section. These two 
relations may be combined with a constant, giving the 
following equation : 

R=K^ 
A 

The above equation expresses three facts : 

(a) The resistance R ot a, conductor varies directly as 
the length of the conductor. 

(b) The resistance R ol a conductor varies inversely 
as the area of the cross-section of the conductor. . 

(c) The resistance R ot a conductor depends upon the 
value of a certain constant K. The numerical value 
of the constant K will depend upon the kind of 
material composing the conductor. 

The physical meaning of K may be readily deter- 
mined by making the length I and the area A of the 
conductor each equal to unity. K, then, is the resist- 
ance of a conductor of unit length and having an area 
of cross-section equal to unity. There will, of course, 
be as many values of K for a given material as there 
are units in which to measure the length and the area 
of the cross-section of the conductor. Only two values 
of K are in common use, and they are called the 
specific and mU-foot resistances. 

Specific Resistance. — The resistance of a centimeter 
cube or an inch cube of any material is called the 
specific resistance of the material, and it is usually 
expressed in michroms at degrees centigrade. 

Mil-Foot Resistance, — The mil-foot resistance of a 
material is defined as being the resistance of a volume 
of the material one foot in length and having a uni- 
form cross-section one circular mil in area. If I is 
enual to one foot and A is equal to one circular mil, in 
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the above equation, K will be numerically equal to JJ. 
The mil-foot resistance is really a particular value for 
the specific resistance, as it is the resistance of a 
certain volume. 

Circular MU. — ^In the majority of cases, electrical 
conductors have a circular cross-section, and when we 
calculate the area of this cross-section by multiplying 
the square of the diameter by (ir-=-4) the awkward 
factor .7854 appears. To avoid this factor, a more 
convenient practical unit of area has been adopted — 
the circular mil. The circular mil is the area of a cir- 
cle whose diametei: is one mil or .001 inch. The square 
mil is the area of a square whose side is one mil. The 
area of a circular mil is .7854 times the area of a 
square mil. Hence, to change from circular mils to 
square mils you must multiply by .7854, and to change 
from square mils to circular mils you divide by .7854. 

The advantage in the use of the circular mil as a 
unit of area is that when the diameter of the con- 
ductor is given in mils, its circular-mil area may be 
determined by squaring the diameter. Conversely, 
the diameter in mils may be determined, when the 
circular-mil area is given, by taking the square root of 
the area. The diameter in inches is equal to the 
diameter in mils divided by one thousand. 

Example, — Calculate the resistance of a circular conductor 
1,000 feet long having a diameter of 102 mils and composed 
of a material whose mil-foot resistance is 10.8. 

Solution, — The resistance may be calculated by a direct sub- 
stitution in the equation 

which gives 

1,000 
5=10.8-^ 

10,800 
^ 10,404 

= 1.03 ohms 
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Resistance Changes with Temperature. — ^A change 
in the temperature of all substances will cause a 
change in their electrical resistance. The resistance 
may decrease with a change in temperature, but in the 
majority of cases there is an increase in resistance 
with a rise in temperature. Carbon, perhaps, is the 
best example of substances whose resistance decreases 
with an increase in temperature. The resistance of 
the carbon filament of an incandescent lamp when 
the lamp is burning is approximately half what it is 
when the filament is at room temperature or carrying 
no current. 

The change in resistance of materials due to a 
change in temperature is quite different for different 
materials, and it is also slightly different for the same 
material at different temperatures. Alloys, such as 
manganin, have a very small change in resistance due 
to a change in temperature, and standard resistances 
are, as a rule, made from such an alloy, as it is desir- 
able to have their resistance remain as near constant 
as possible. 

Temperature Coefficient. — The temperature coeffi- 
cient of a material is defined as the change in resist- 
ance per ohm due to a change in temperature of one 
degree. Thus, if a copper conductor has a resistance 
of 1 ohm at degrees centigrade and 1.0042 ohms at 1 
degree centigrade, the temperature coefficient of the 
copper composing the conductor is .0042. The change 
in resistance of a material per ohm due to a change in 
temperature of one degree will vary with the initial 
temperature of the material. Thus, if the resistance 
of the conductor in the above problem had b^een 1 ohm 
at 15 degrees centigrade instead of degrees, the 
increase in resistance due to a rise in temperature 
of 1 degree would have been .003801 ohm instead of 
.0042 ohm. The temperature coefficient of a material 
is usually represented by the letter a, and it is consid- 
r^red positive when a rise in temperature results in an 
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increase in resistance, and negative when a rise in 
temperature results in a decrease in resistance. 

Calculation of Resistance Due to Chango in Temper- 
ature. — If the resistance of a conductor at a given 
temperature, which we will assume is degrees centi- 
grade, or 32 degrees Fahrenheit, is known, its resist- 
ance Bt at some other temperature may be calculated 
by the use of the temperature coeflScient a and the 
change in temperature t, as follows : 

Rt=Ro-\- Ro at 
or it is usually written 

R, = R, (l + at) 

in which Rt is the value of the resistance at the second 
temperature ; Ro is the resistance at the first tempera- 
ture ; t is the change in temperature in degrees ; and a 
is the temperature coefficient of the material based 
upon an initial temperature corresponding to the tem- 
perature at which Ro is determined. The value of a 
will also depend upon whether the change in tempera- 
ture t is measured on the centigrade or the Fahrenheit 
scale. The value of the temperature coefficients for the 
Fahrenheit scale are 5/9 of those for the centigrade 
scale. 

The temperature coefficient of a material is usually 
based upon an initial temperature of degrees centi- 
grade or 32 degrees Fahrenheit. If the initial resist- 
ance of the material is not given at degree centi- 
grade it must be calculated by solving for Ro in the 
above equation and then solving for Rt, the resistance 
at the second temperature. The values of the temper- 
ature coefficients for the most common materials are 
given in Table IV in the Appendix. These values are 
all based on an initial temperature of zero degrees 
centigrade. The following example will illustrate the 
use of the temperature coefficient in calculating the 
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resistance of a conductor at any temperature when its 
resistance at some other temperature is known. 

"Example. — ^A copper conductor has a resistance of 22.1 ohms 
at 25 degrees centigrade, what is its resistance at 50 degrees 
centigrade f 

Solution, — Substituting in the equation and solving for 5o, 
the resistance at degrees, we get 

22.1 = 2?o (1 + .0042 X 25) 
Mo = 22.1 -V- 1.105 
= 20.0 ohms 

Now substituting in the same equation and solving for the re- 
sistance Et, the resistance at 50 degrees centigrade, we get 

Mt = 20 (1 + .0048 X 50) 
= 20 X 1.21 
= 24.2 ohms 

Relative Conductivity of a Material. — The conduc- 
tivity of a material is equal to the reciprocal of its 
specific resistance. The relative conductivity of any 
material is the relation between the conductivity of 
the material and that of some other material. Copper 
is taken as the standard in measuring the conduc- 
tivity, and copper having a mil-foot resistance of 10.37 
at 20 degrees centigrade is assumed to have a con- 
ductivity of 100 per cent. 

per cent relative conductivity 

conductivity of material v> ^/^^ 

conductivity of copper 

specific resistance of copper ^^ 

specific resistance of material 

If both materials are not at the same temperatures, a 
proper correction should be made in the resistance of 
one due to the difference in their temperatures. 

Wire Gages. — Circular conductors are usually des- 
ignated by certain gage numbers rather than by state- 
ment of the area of their cross-section. A number of 
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different wire gages have been originated by different 
manufacturers of wire, but only two are used to any 
great extent. These are the B. & S. gage originated 
by the Brown and Sharpe Manufacturing Company, 
which is the one generally used in this country and 
commonly called the American gage ; and the B. W. G. 
gage, or Birmingham Wire Gage. There are a num- 
ber of other gages but they are not used to any great 
extent. A part of the copper wire table as published 
by the Bureau of Standards is given in Table III in 
the Appendix. 

Standard Resistance, — A standard resistance is one 
which has been carefully constructed and its value 
adjusted by the makers so that it may be considered 
correct. Such resistances are usually constructed of 
a material having a very low temperature coefficient 
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Figure 80. — Standard Resistance. 

SO as to reduce the effect of a change in temperature to 
a minimum. The value of their resistance ranges 
from perhaps .00001 ohm to 1 megohm, and their safe 
current-carrying capacity from several thousand am- 
peres to only a fractional part of a milli-ampere. 
Some are so constructed that their temperature may 
be maintained practically constant, irrespective of the 
current they are carrying, by means of an oil bath 
which is kept in circulation and cooled the desired 
amount by a coil of pipe through which there is a cur- 
rent of water. In ordinary commercial work second- 
ary standards of resistance are employed but their 
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adjustment and accuracy is usually such that they 
give sufficiently accurate results for all practical pur- 
poses. A standard resistance is shown in Figure 80. 

MEASUREMENT OP RESISTANCE 

Practically all the methods employed in measuring 
resistance depend upon some application of Ohm's 
law. The method to be used in any case will depend 
upon the kind of resistance to be measured, that is, 
whether it is capable of carrying a large or a small 
current; the accessibility of the resistance; the value 
of the resistance to be measured; and the accuracy 
desired. The different methods described in the fol- 
lowing sections are, perhaps, the most common ones 
employed in practice. 

Measuring Resistance by Drop in Potential Method. 
— Since Ohm's law holds for any part of an electrical 
circuit, it follows that the value of a certain resistance 
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Figure 81. — Drop in Potential Method of Measuring Resistance. 

can be determined by measuring the difference in 
electrical pressure between its terminals when the cur- 
rent through the resistance is known. The scheme of 
connections for measuring resistance by this method 
is shown in Figure 81, in which R is the resistance 
whose value is to be determined ; T is a voltmeter of 
suitable range connected to the terminals of the resist- 
ance ; A is an ammeter for measuring the current in 
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the circuit; Rh is the rheostat for adjusting the value 
of the current ; and B is a source of electrical energy 
such as a battery or generator. 

Neglecting the current through the voltmeter, the 
current I through the resistance R is equal to that 
indicated by the ammeter A, and the value of the 
resistance R is equal to the pressure E between its 
terminals, as indicated by the voltmeter, divided by 
the current through it, or 

When the resistance of the voltmeter circuit is large 
in comparison to the value of the resistance R, the 
current through the voltmeter is small in comparison 
to the current through the resistance R and may be 
neglected. If the resistance of the voltmeter is not 
large in comparison to the value of R, the current 
through it cannot be neglected, and the value of the 
voltmeter current ly must be subtracted from the main 
line current I in order to obtain the true value of the 
current passing through the resistance R, which we 
will call 7r. The current in the voltmeter circuit is 
equal to the pressure as indicated by the voltmet' 
divided by the resistance of the voltmeter Ry, or 

/v — "^ 

The current through the resistance R, then, is 
or 

I -i-^ 

il/V 

and the value of the unknown resistance will be 

^ = 27 ^ 7^7=1 X*' 
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This method of measuring resistances is best suited 
to what might be termed current-carrying resistances 
of low value, such as the armatures of generator and 
motors, the series coils of wattmeters, etc. 

Care should be exercised in making a resistance meas- 
urement by this method not to pass too large a current 
through the object being measured, as you are likely 
to change its resistance due to a change in temperature 
resulting from the excessive current. The greater the 
current, however, without undue heating of the con- 
ductor, the greater the voltmeter reading and, as a 
usual result, the greater the accuracy. When very 
low resistances are to be measured, a low-reading volt- 
meter or, better still, a milli-voltmeter should be used. 

Measuremeni of Resistance by Comparison. — This 
method requires no ammeter and the value of the 
unknown resistance is determined in terms of a known 





Figure 82. — Measuring Resistance by Comparison. 

or standard resistance. The scheme of connections 
for measuring resistance by this method is shown in 
Figure 82, in which X is the resistance whose value is 
to be determined; B is a known or standard resist- 
ance ; Rh is a rheostat for adjusting the current in the 
circuit; B is a source of electrical energy such as a 
battery or generator ; and "T is a voltmeter of suitable 
range for measuring the drop in voltage over the 
known and unknown resistances. The proper connec- 
tions of the voltmeter for measuring the drops over 
the two resistances is shown in the figure by the full 



126 ELECTRICAL, MEASUREMENTS 

and dotted lines, and these two readings should both 
be taken with the same current through each of the 
resistances. Since the drop across any part of a series 
circuit bears the same relation to the drop across any 
other part of the same circuit as exists between the 
resistances of the two parts, we may write the follow- 
ing simple relation : 

drop over X resistance of X 

drop over R resistance of B 
or 

resistance of X =-5 — 77 X resistance of 1? 

drop over/? 

Calling the drops over the resistances X and R, Ex 
and ^R, we have 

X=pXR 

This method of measuring resistance is, perhaps, best 
suited to resistances of very low value and capable of 
carrying quite a large current. The best results are 
obtained when the values of the known and unknown 
resistances are as near equal as possible. When the 
drop in potential over the resistances is very small, a 
galvanometer may be substituted for the voltmeter, 
and a greater deflection of its moving system will be 
produced than in the case of the voltmeter and the 
per cent of error in observing this large deflection, as 
a rule, will not be as large as in the case of the smaller 
deflection. The galvanometer will shunt a smaller 
part of the current around the resistance to which it 
is connected than the voltmeter, provided its resist- 
ance is greater than the voltmeter, and the current 
through both R and X will be nearer equal in value. 
Sheldon's Method of Measuring Resistance, — This 
method of measuring resistance gives quite accurate 
results, and the necessary equipment is not expensive 
or complicated, and the necessary operations are very 
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simple. The scheme of connections for measuring a 
resistance by this method is shown in Figure 83. The 
known resistance R and the unknown resistance X 
are connected in series by a heavy conductor to the 
terminals of a circuit capable of supplying a large 
current. Two resistance boxes are connected in series 
between the same two points; the boxes are marked 

7 t 




Figure 83. — Sheldon's Method of Measuring Resistance. 

S and P in the figure. One terminal of a sensitive 
galvanometer O is connected between the two resist- 
ances 8 and P; and the other terminal is connected 
to the arm of a four-point switch, the four points of 
the switch being connected to the potential points of 
the known and unknown resistance as shown in the 
figure and marked a, b, c, and d. It is always de- 
sirable to have the resistance boxes 8 and P identical 
in construction, and at the start all of the plugs are 
removed from one of them and a balance obtained by 
plugging back and forth, keeping the combined re- 
sistance in both boxes constant. A balance is obtained 
with the galvanometer connected in turn to the points 
a, b, c, and d and the value of the resistance in the 
box 8 noted for each adjustment. Calling these re- 
sistances fifa, 8t, 8c, and 8^, we have the following ex- 
pression for the value of the unknown resistance X: 



X = 



8^ — Sh p 
8 c — 8d 
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The best results are obtained with as large a current 
through the resistances R and X as possible, but it is 
not necessary to keep this current constant while all 
the four readings are being taken, unless a change in 
current results in a change in resistance, in which 
case it would be best to keep the current as near con- 
stant as possible. Reasonable care should be exercised 
in plugging back and forth between 8 and P to keep 
the plugs all tight and in their proper openings. A 
check should be made after each balance to make 
sure the combined resistance has not been changed by 
mistake. This method will be found very satisfac- 
tory in determining the resistance of ammeter shunts 
or comparing their resistances. 

Series-Voltmeter Method of Medsurmg Besistance. 
— The scheme of connections for measuring resistance 
by this method is shown in Figure 84. The resistance 




Figure 84. — Series-Voltmeter Method of Measuring Resistance. 

to be measured is connected in series with a direct- 
reading voltmeter and the combination in turn con- 
nected to the terminals of a source of electrical pres- 
sure marked T^ and Tg in the figure. A special con- 
nection is provided, which shorts the unknown resist- 
ance when the connection is closed, as indicated by 
the dotted lines' in the figure. When the resistance X 
is shorted, the voltmeter reads the total pressure be- 
tween the terminals T^ and To, but when the short 
about the resistance X is removed, the voltmeter indi- 
cates only the drop in voltage over itself, the total 
pressure being divided between the resistance of the 
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voltmeter and the unknown resistance. The drop 
over the unknown resistance will be equal to the total 
pressure minus the drop over the voltmeter, or the 
reading of the voltmeter. Indicating the total pres- 
sure by E, the drops over the unknown resistance and 
the voltmeter when they are in series by E^ and Ey, 
respectively, we may write 

The current through a voltmeter, which we will in- 
dicate by /v, is equal to the indication of the instru- 
ment in volts divided by its resistance JSv, or 

J Ey^ 

Ry 

Since the voltmeter and unknown resistance are in 
series, they are both carrying the same current, and 
the value of the unknown resistance may be deter- 
mined by dividing the difference in pressure between 
its terminals by the current through it, or 

^ JCjt J^ -Bjy J^ -fey p 

A -y- jni ^^ Jty 

Ry 

The above equation gives the value of the resistance X 
in terms of the pressure between the terminals T^ and 
T29 which must remain constant while the readings are 
taken; the drop over the voltmeter Ey when it is in 
series with the unknown resistance; and the resist- 
ance of the voltmeter Ry^ which is usually marked on 
the instrument or its containing case. If the pressure 
between the two terminals T^ and Tg ^o^s not remain 
constant, then a second voltmeter should be connected 
permanently between them and its reading taken at 
the same time the voltmeter in series with the un- 
known resistance is read. The resistance Ry in the 
above equation is that of the voltmeter in series with 
the unknown resistance. The best results are obtained 



130 



EI^CTRICAL. MEASUREMENTS 



when the value of the unknown resistance and that of 
the voltmeter resistance are as near equal as possible ; 
resistances many times that of the voltmeter may, 
however, be measured with a fair degree of accuracy. 

This method is, in general, serviceable for the meas- 
urement of high resistances, such as the insulation of 
electric light and power circuit that are installed, 
insulation of trolley lines, dynamos, transformers, etc. 

The scheme of connections for the measurement of 
the resistance of the insulation of a lighting circuit 
installed in metal conduit is shown in Figure 85. 




Figure 85. — Series- Voltmeter Method of Measuring Insulation 

Resistance. 

A small generator O capable of supplying an elec- 
trical pressure of about 500 volts is usually used 
as a source of pressure for testing. One terminal 
of the generator is connected directly to the conduit, 
or ground, and the other terminal is connected to 
the wire whose insulation resistance is to be deter- 
mined with the voltmeter in circuit. The total pres- 
sure generated by the machine G will be distributed 
over the resistance between the wire and the conduit, 
or ground, and the resistance of the voltmeter. The 
voltmeter indication will be proportional to the drop 
across itself, which, subtracted from the total pres- 
sure, will give the drop across the unknown resist- 
ance X. Substituting the values of the total pressure, 
as read on voltmeter Vq and the drop over V, together 
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with the resistance of voltmeter Y in the above equa- 
tion, you can calculate the value of the resistance X. 

Example, — Connections were made, as shown in Figure 85, 
for testing the insulation resistance of a certain electric-light 
circuit installed in a metal conduit. The resistance of the 
voltmeter V connected in series with the resistance to be 
measured was 50,000 ohms. The voltmeter V^ read 500 volts 
and the voltmeter F, 10 volts. What was the insulation re- 
sistance in megohms f 

Solution. — Substituting the value of the total pressure, the 
drop over the series voltmeter and its resistance in the equa- 
tion given above, gives 

500 — 10 
X = jq 50,000=2,450,000 ohms 

^' = 2.45 megohms 

Direct-Deflection Method of Measiiring Resistance, 
— In measuring a resistance by this method, a current- 
measuring instrument, galvanometer, or ammeter, is 
placed in series with the resistance and the value of 
the current /, a known pressure E volts will produce, 
is determined. The pressure acting in the circuit 
divided by the current it produces will give the total 
resistance of the circuit — combined galvanometer re- 
sistance Rq, and the unknown resistance JKx, neglect- 
ing the resistance of the connections. This total 
resistance, which we will represent by R, minus the 
galvanometer resistance Rq, will give the value of the 
unknown resistance X. Writing the above relations 
in the form of equations, we have 

and X = R — Rq 

or -^="7 — ^o 

J. 

This method is usually employed in measuring very 
high resistances, such as the insulation resistance of 
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rubber-covered wires, lead-covered cables, etc., and in 
such cases a high voltage is required, also a very- 
sensitive galvanometer to measure the extremely small 
current produced in the high resistance circuit. 

In measuring the insulation resistance of insulated 
conductors without a metal outside covering, they 
are immersed in a salty solution (it being a better 
conductor than ordinary water) with at least three 
feet of each end of the wire out of the solution. One 
terminal of the testing circuit is connected to the 
wire itself and the other to a metal plate placed in 
the solution. The resistance between the wire and 
the solution is then measured, giving the insulation 
resistance for the length of the wire immersed in the 
solution. If the conductor has a metal covering 
placed outside the insulation, there is no necessity 
of immersing it in a solution, as the metal covering 
will serve as one terminal of the insulation resistance. 

The scheme of connections for measuring the insu- 
lation resistance of a coil of wire is shown in Figure 
86, in which X represents a coil of wire immersed in 
a salty solution ; £ is a source of electrical pressure ; 
P is a potential rheostat for regulating the pressure 
acting in the circuit ; F is a voltmeter which indicates 
the pressure acting in the circuit; (j is a sensitive 
galvanometer ; JSTi is a contact key for short-circuiting 
the galvanometer; and JSTg is a contact key for closing 
the main circuit. It is imperative that all parts of 
the circuit be well insulated from each other, in order 
to obtain good results. The! insulation should be 
removed from the end of the wire for a distance of 
several inches, and extreme care should be exercised 
in keeping the surface of the insulation on the ends 
of the wire as dry as possible so as to reduce the cur- 
rent flowing over the surface of the insulation from 
the conductor to the solution, which will pass through 
the galvanometer in addition to the current through 
the resistance being measured, and thus give a lower 
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apparent insulation resistance than the actual resist- 
ance existing between the conductor and the solution. 
A connection may be made which will conduct any 
current that leaks over the surface of the insulation 
around the galvanometer, the only current passing 
through the galvanometer being that through the 
insulation between the wire and the solution. Such 




Figure 86. — Scheme of Connectioos for Measuring the Insulation 

Resistance of a Coil of Wire. 

a connection, which is called a guard mre, is shown in 
the scheme of connections given in Figure 86, and 
marked O^, 

The procedure in making a measurement by this 
method is as follows : Adjust the potential rheostat P 
so that the pressure indicated by the voltmeter is very 
low, then close keys JSTi and K2; open key K^ after 
about one-half minute and take a reading of the gal- 
vanometer exactly one minute after the pressure has 
been applied. Several observations should be made 
and the average taken. If the deflection of the gal- 
vanometer is too large, the pressure should be reduced ; 
if it is not large enough, the pressure should be in- 
creased. The current in the circuit is equal to the 
constant of the galvanometer, as an ammeter, multi- 
plied by the deflection 0, or 

i=Ke 

The pressure as indicated by the voltmeter divided by 
this current will give the total resistance, which, 
minus the galvanometer resistance, gives the value of 
the unknown resistance. If the resistance being meas- 
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ured is very large, the galvanometer resistance may 
be neglected without any appreciable error. 

The insulation resistance of such a circuit is ex- 
pressed in terms of the megohm-kilometer, megohm- 
mile, or the megohm thousand feet, meaning the insu- 
lation resistance in megohms per kilometer, per mile, 
or per thousand feet. It varies inversely as the length 
of the conductor, because with an increase in length 
there is more surface exposed, resulting in a greater 
leakage and less resistance. The insulation resistance 
of large conductors covered with a given thickness of 
insulation is less than that of small conductors cov- 
ered to the same thickness, because the area of the 
leakage path is greater with the large conductors than 
with the smaller ones. 

Half 'Deflection Method of Measuring the Resist- 
ance of Oalvanometers and Voltmeters. — ^If a volt- 
meter or galvanometer be connected to a constant 
source of electrical pressure, its resistance may be 
determined by placing a known resistance. in series 
with it of such a value that the deflection of the 
instrument is reduced to half its original value, and 
then noting the value of the series resistance which 
will be equal to the resistance of the instrument, since 
the drops over them are equal. The above method 
requires a variable known resistance, which may not 
be available, but the ratio of the two deflections of 
the instrument, with and without the resistance in 
series, may be taken and the resistance X of the in- 
strument may be calculated from the value of the 
known resistance B and the values of the two deflec- 
tions, which we will call and fe, by means of the 
following equation: 

In the above calculations the deflections are consid- 
ered proportional to the current through the instru- 
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ment ; but if this is not the case, the value of the scale 
readings or deflections should be expressed in current 
or volts and these values used instead of the actual 
deflections. 

Slide-Wire Bridge. — ^Two resistances, which may be 
equal or unequal, are shown connected in parallel 
between the points 1 and 2 in Figure 87, and the com- 
bination is connected to a source of electrical pres- 
sure, such as a battery. The drop in potential across 
the two branches of the divided circuit is the same 




Figure 87. — Fundamental Principle of the Slide-Wire Bridge. 

regardless of the relation between the two resistances. 
If the total resistance in each branch is the same, then 
the drop over a certain number^of ohms in the upper 
branch will be equal to the drop over an equal number 
of ohms in the lower branch. When the resistances 
of the two branches are not equal, the above relation 
does not hold true, but there is a definite relation 
between the drop over each ohm in the upper branch 
and that over each ohm in the lower branch. Select 
some point, such as 3 on the lower branch, and it will 
always have a potential less than the point 1 and 
higher than the point 2 when the current is in the 
direction indicated by the arrows. There is a point 
on the upper branch whose potential is equal to that 
of the point 3 and this point may be located by means 
of a galvanometer, as follows: Connect one terminal 
of the galvanometer to the point 3 and move the 
other terminal along the upper branch until a point 
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is found which results in no deflection of the galva- 
nometer when its circuit is closed. This point, which 
is marked 4 in the figure, is at the same potential as 
the point 5, as there is no current between them when 
they are connected by the galvanometer, there being 
no deflection produced on the galvanometer. 

When the point 4 has been located, the drop in 
potenial over the resistance in the upper branch 
between the points 1 and 4 is equal to the drop in 
potential over the resistance in the lower branch be- 
tween the points 1 and 3, and the drop in potential 
across the resistance between the points 4 and 2 is 
equal to the drop across the resistance between the 
points 3 and 2. After a balance is obtained — ^no 
deflection of the galvanometer — ^the resistance between 
1 and 3 bears the same relation to the resistance 
between 1 and 4 as exists between the resistance be- 
tween the points 3 and 2, and that between the points 
4 and 2. Calling the resistances between the various 
points Ay B, B, and X, as indicated in the figure, we 
may write the above relation in the form of a simple 
equation, thus 

resistance A resistance B 

resistance B resistance X 

For example, suppose the resistance B and the total 
resistance of the upper branch, A and B combined, 
are known and the resistance X is unknown. A bal- 
ance may be obtained, as previously described, and, 
from the position of the point 4 on the upper branch, 
the value of the resistance A and B may be deter- 
mined. The above equation may then be changed to 
the following form: 

^ resistances ^^ . , „ 

resistance X== — ^— r X resistance B 

resistance A 
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By substituting the value of the three resistances, 
B, A, and B, in the above equation, the value of the 
resistance X may be determined. This type of bridge 
is called a slide-wire bridge because one of the 
branches is usually a piece of resistance wire stretched 
between the points 1 and 2. 

A commercial form of slide- wire bridge is shown in 
Figure 88, in which B and X represent a known and 
unknown resistance, respectively, and L^ and Lg rep- 
resent two sections of a resistance wire. A galva- 
nometer O has one terminal permanently connected 
between the junction of the resistances B and X and 

II ^"^ 
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Figure 88. — Simple Slide-Wire Bridge. 

the other terminal connected to the resistance wire 
by a sliding contact as indicated in the figure. A 
battery B supplies current to the divided circuit, and 
the circuit is opened and closed by means of the key 
K. The galvanometer circuit is open or closed, de- 
pending upon whether or not the sliding contact on 
the resistance wire is pressed down on the wire. A 
balance is obtained by moving the sliding contact 
along the resistance wire until there is no deflection 
of the galvanometer when its circuit is closed or 
opened, the battery circuit being closed before the 
galvanometer circuit and opened after the galva- 
nometer circuit. The object of this procedure is to 
prevent a false balance being obtained due to the 
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effect of any inductance which might be present in 
the different resistances. 

The resistance wire is stretched over a board di- 
vided into equal parts and the relation between the 
resistances of the two parts to the right and the left 
of the sliding contact, when a balance is obtained, will 
be exactly the same as the relation between the lengths 
of the two parts, provided the wire is uniform in 
cross-section and its material is homogeneous. These 
two resistances, or lengths of slide wire, are called 
the ratio arms, since their relation to each other gives 
the relation between the known and the unknown 
resistances. 

Wheatstone Bridge. — The form of bridge described 
in the previous section is not used to any great extent 
in practice, as its operation is, as a rule, too tedious, 




Figure 89. — Wheatstone Bridge. 

and for this reason it is confined almost entirely to 
laboratory work. The principle of the Wheatstone 
bridge is the same as that of the slide-wire bridge, 
differing only in construction and operation. A dia- 
gram of a simple form of bridge is shown in Figure 
89, and the letters correspond to those in Figure 87. 
The resistances A and B are the ratio arms, and they 
are usually composed of a number of resistance coils 
whose resistances differ in value by multiples of ten, 
the lowest being perhaps .1 ohm and the highest 
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10,000 ohms. The resistance B is called the rheostat 
of the bridge; it is composed of a large number of 
resistance coils whose resistances usually range in 
value from .1 ohm to several thousand ohms. The 
resistance marked X corresponds to the unknown 
resistance. A suitable switching device is usually- 
provided on the top of the case, containing the resist- 
ance coil composing the arms A, B, and B, so that 
the resistance in any arm may be readily varied from 
zero to its maximum value. The operation of this 
bridge differs from the slide-wire bridge in that the 
relation between the resistances of the ratio arms is 
fixed and a balance is brought about by adjusting the 
resistance in the rheostat. Thus, if the resistance 
of the arms A and B is 100 ohms each and the resist- 
ance in circuit in the rheostat B is 125 ohms, then the 
. resistance of X is 125 ohms. If the resistance of A is 
10,000, of B is 1,000, and of B is 1,250 ohms, respect- 
ively, when a balance is obtained, then the resistance 
of B is ten times the resistance of X because the resist- 
ance of A is ten times the resistance of B, If the 
resistance of A had been one-tenth that of B, then the 
resistance of B would have been equal to oncrtenth 
that of X. The galvanometer and battery connec- 
tions may be interchanged without interfering with 
the operation of the bridge, but the best results will 
be obtained when the galvanometer, if it has a higher 
resistance than the battery, joins the junction of the 
two arms of the bridge having the highest resistance 
to the junction of the two arms having the lowest. 
Suitable terminals are also provided on the bridge to 
which the battery, the galvanometer, and the unknown 
resistance may be connected. 

In some of the more modern forms of Wheatstone 
bridges, both the battery and the galvanometer are 
built into the bridge, and the only external connec- 
tions required are those to the unknown resistance. 
Connecting terminals, however, are usually provided 
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SO that an external battery or galvanometer may be 
used if such be required due to the exhaustion of the 
battery in the bridge box or if the galvanometer be 
out of service due to any cause. A very compact 
form of Wheatstone bridge with the battery and galva- 
nometer self-contained is shown in Figure 90. This 
particular construction is referred to as the dial pat- 
tern, as the resistances of the various arras of the 
bridge are controlled by turning one or more of the 
dials on the top of the bridge instead of manipulating 
plugs, as was done in the first and more common forms 



Figure 80.— CommerdBl Wbeatstone Bridge. 

of bridges. The various resistance coils composing 
the different arms of the bridge should all be wound 
non-inductively, and a wire should be used that has 
practically no change in resistance due to a change 
in temperature. 

The Wbeatstone bridge may be used in measuring 
resistances ranging in value from .1 to 1,000,000 ohms 
with a fair degree of accuracy. The bridge shown 
in Figure 90 may be used in making special measure- 
ments for the location of grounds and shorts. 
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The Okmmeter. — An ohmmeter is an instrument for 
measuring automatically the resistance of a eirenit 
connected to its terminals, by noting the position of 
a pointer on a dial that is calibrated and marked to 
read directly in ohms. A commercial form of ohm- 
meter is shown in Figure 91. 



Flgore SI. — Obmiueter. 



CHAPTER VII 

MEASUREMENT OF CURRENT AND PRESSURE 

Classification of Instruments, — Electricity is not a 
material substance, siich as water, and cannot be meas- 
ured in the same way, since it has no dimensions such 
as length, breadth, or weight. An electrical current, 
which is the name given to the flow of electricity in a 
circuit, is studied and measured by the effects it 
produces in an electrical circuit. The operation of 
all electrical measuring instruments depends upon 
some effect produced by the current and this leads to 
the classification of instruments into four groups, 
depending upon the particular effect employed in 
their operation. These effects are : 

(A) Electro-chemical effect 

(B) Magnetic effect 

(C) Heating effect 

(D) Electrostatic effect 

The electrostatic effect is not an effect of a current 
primarily but of electrical pressure. 

In addition to the above classification all instru- 
ments may be divided into the following groups : 

(a) Instruments suitable for direct-current measure- 
ments only. 

(b) Instruments suitable for alternating-current 
measurements only. 

(c) Instruments suitable for both direct- and alter- 
nating-current measurements. 

In the following discussion of instruments, they will 
be grouped according to the effect upon which their 
operation depends and their adaptability to measure- 
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ments in direct- or altemating-current circuits will 
be pointed out at the same time. No attempt will be 
made to describe all of the various forms and makes 
of instruments on the market at the present time, but 
the description will be confined, in almost every case, 
to those types that are in common use. 

Distinction Between Galvanometers, Ammeters, and 
Voltmsters. — ^A galvanometer is an instrument used 
in detecting the presence of a current in a circuit, or 
for measuring the value of the current. Galvanome- 
ters are, as a rule, quite sensitive and generally used 
in detecting or measuring very small currents. The 
resistance of galvanometers varies from a fractional 
part of an ohm to several thousand ohms, depending 
upon the particular use that is made of the instru- 
ment. 

An ammeter is an instrument used in measuring the 
value of the current in a circuit, and for that reason 




B 
Figure 92. — Ammeter Indicates Total Current. 

ammeters will always be connected in series with that 
part of the circuit in which it is desired to measure 
the value of the current. The scales of the instru- 
ments are usually marked to read directly in amperes 
or milli-amperes. In Figure 92, the ammeter-4. is con- 
nected in series with the battery B and the two resist- 
ances Bi and B29 which are connected in parallel. 
The ammeter in this case reads the total current in 
the main circuit but it does not give the current in 
either of the resistances B-^ or iZg- If? however, the 
ammeter be connected, as indicated in Figure 93, it 
will read the value of the current in the resistance iZj. 
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By changing the ammeter to the branch containing 
the resistance B2, the current in the second branch 
can likewise be determined. 

The resistance of an ammeter should be as low as 
possible for the following reasons : Since an ammeter 
will always be connected in series in the circuit, there 
will be a difference in electrical pressure between its 
terminals when there is a current flowing through it 
which, at any instant, is numerically equal to the 
product of the current and the resistance of the in- 
strument. This drop in pressure between the ter- 
minals of the ammeter should be small in order that 
the power required to operate the instrument be low 
in value, it being equal to the product of the current 




Figure 93. — ^Ammeter Indicates Current in One Branch. 

through the ammeter and the difference in pressure 
between the ammeter terminals. 

If the ammeter in Figure 92 had a resistance 
whose value was something near the combined resist- 
ance of the two coils R^ and R2 in parallel, practically 
half the output of the battery would be consumed in 
the ammeter and would represent a loss. If, on the 
other hand, the resistance of the ammeter was very 
low in comparison to the combined resistance of the 
two coils, a very small part of the total output of the 
battery would be consumed in it. 

The division of the total current between the two 
branches of the circuit shown in Figure 93 would be 
quite different with an ammeter having a high resist- 
ance from what it would be with one having a low 
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resistance. The lower the resistance of the ammeter, 
the less change there will be in the relation between 
the currents in the two branches when the ammeter is 
connected in either of them. 

A voltmeter is an instrument for measuring the 
difference in electrical pressure between any two 
point? to which its terminals may be connected. Thus, 
if it is desired to know the difference in electrical 
pressure between the terminals of any part of an 
electrical circuit, such as the difference in pressure 
between the terminals of a lamp that is connected to 
some source of electrical energy, as indicated in Fig- 
ure 94, the voltmeter terminals are connected to the 




Figure 94. — Voltmeter Indicates Pressure Acting on Lamp. 

terminals of the lamp and the indication of the volt- 
meter, when its scale is properly calibrated, is a 
measure of the pressure acting on the lamp. Volt- 
meters operate on the same principle as the ammeter 
and the galvanometer, that is, their indication depends 
upon the value of the current passing through them. 
The voltmeter indication varies as the pressure be- 
tween its terminals because the current through it 
varies with this difference in pressure, the resistance 
of the instrument remaining constant. 

The resistance of a voltmeter should be as large 
as possible for the following reasons: The loss of 
power in the voltmeter is equal to the product of the 
current through it and the difference in pressure 
between its terminals, and since it is to indicate the 



146 ELECTRICAL. MEASUREMENTS 

difference in pressure, the only way that this loss 
can be reduced is to increase the resistance of the 
instrument, which results in a smaller current. 

If the voltmeter F, Figure 94, had a resistance 
equal to that of the lamp L, then the power required 
to operate the voltmeter would be equal to that re- 
quired to operate the lamp, since there would be the 
same current through each and the same difference 
in pressure between their terminals. This condition 
would result in a considerable loss and the only way 
it can be reduced is to increase the resistance of the 
voltmeter, which results in it taking less current. 
An ammeter connected in the circuit would indicate 
the combined current in the lamp and the voltmeter 
circuits. Hence, in order to get the current in the 
lamp circuit, the value of the current in the volt- 
meter circuit should be subtracted from the value of 
the total current. If the resistance of the voltmeter 
be large in comparison to that of the lamp, the current 
in it will be small in comparison to that in the lamp 
circuit, and the current indicated by the ammeter 
will be practically equal to that in the lamp. From 
the above discussion it is seen that an ammeter should 
always have as low a resistance as possible and a volt- 
meter as high a resistance as possible in order that 
the power required to operate them be small. 

Care should always be exercised in the use of 
ammeters and voltmeters to be sure that you are con- 
necting them in the proper way, and always make 
sure that the current in the circuit or the value of the 
pressure does not exceed the rated capacity of the 
instruments. 

Ammeter Shunts, — In the construction of certain 
types of ammeters, it is impossible to send the total 
current through the part of the ammeter in which 
the effect of the current is produced, as the mechan- 
ical construction of such parts usually limits their 
current-carrying capacity to rather low values. The 
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current capacity of such ammeters may be increased 
by connecting them in parallel with a definite resist- 
ance in. the case of a direct-current measurement, or 
to the terminals of a current transformer, in the case 
of alternating-current measurement. The resistance 
connected in parallel with the ammeter is called an 
ammeter shunt, and their resistance is usually ad- 
justed so that the ammeter carries a known fractional 
part of the total current. The scale of the ammeter 
may be marked to read directly in amperes without 
any shunt, and the scale reading multiplied by a con- 
stant when the shunt is used. The value of the 



Figure 95. — Switchboard Ammeter with Shunt. 

constant will depend upon the fractional part of the 
total current the ammeter is carrying. Thus, if the 
resistance of the ammeter is four times that of the 
shunt, it will carry one-fifth of the total current and 
its readings should be multiplied by five in order to 
obtain the value of the total current. Very fre- 
quently the shunt is mounted in the same case as 
the ammeter, and to all appearances there is only one 
circuit through the instrument. The scale of such 
instruments are marked to read the total amount flow- 
ing from one terminal of the instrument to the other. 
When the capacity of the instrument is several hun- 
dred amperes or more, the shunt is constructed sep- 
arately. This type of construction has the advantage 
of permitting the shunt being connected in the circuit 
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at the desired point and the ammeter then located at 
some other point, as the ammeter itself carries a small 
part of the total current and requires small leads. 
Such an arrangement is usually used on switchboards, 
and an instrument of this type is shown in Figure 95. 
One ammeter may be used in combination with several 
shunts, it being connected by means of a special 
switch to the different shunts one at a time. The 
variation in contact resistance at the switch should 
be very small and the resistance of the ammeter itself 
should be as large as possible in comparison to that 
of the shunt in order to reduce the error due to a 
variation in the switch contact resistance. 

Voltmeter Multipliers. — The range of any volt- 
meter, with the exception of electrostatic voltmeters, 
may be increased by connecting a resistance in series 
with the instrument. Thus, if a resistance equal to 
the resistance of the voltmeter be connected in series 
with the instrument, the instrument will indicate 
only half the pressure between the two points to which 
the terminals of the combination are connected. A 
resistance used in increasing the range of a voltmeter 
is called a mtdtiplier, and their resistance is usually 
a whole number of times the resistance of the 
voltmeter. If a resistance equal to nine times the volt- 
meter resistance be connected in series with the 
voltmeter, then the drop-over, the voltmeter is one- 
ninth that over the series resistance, and the volt- 
meter indication must be multiplied by ten in order 
to obtain the value of the total pressure acting on the 
combination. Any resistance may be used as a mul- 
tiplier provided its value is known so that the con- 
stant by which the voltmeter indication must be 
multiplied may be calculated. A voltage in excess 
of the range of a given voltmeter may be determined 
by connecting two voltmeters in series and adding 
their indication. If the two voltmeters each have 
the same resistance, they will indicate the same when 
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connected in series; if their resistances are unequal 
their indications will be proportional to their respect- 
ive resistances. 

The range of an alternating-current voltmeter may- 
be increased by placing a non-inductive resistance 
in series with it, just as in the case of the direct- 
current voltmeter. The usual method, however, of 
increasing the range of an alternating-current volt- 
meter is by means of a potential transformer. 

Transformer, — ^A transformer, in brief, consists of 
two coils wound about a common magnetic circuit, 
and it is used in transforming energy from an alter- 
nating-current circuit in which one of the coils may 
be connected to a second circuit in which the second 
coil is connected. The first coil, or the one connected 
to the source of electrical energy, is called the primary 
winding, and the second coil is called the secondary 
winding. The relation of the current and the voltage 
for the primary circuit may be quite different than 
the relation of these two quantities for the secondary 
circuit, and transformers are, as a result of this differ- 
ence, divided into three groups. These groups are : 

(a) Potential transformer 

(b) Current transformer 

(c) Constant-current transformer 

A potential transformer is one in which the voltage 
between the terminals of the secondary circuit always 
bears a definite relation to the voltage impressed upon 
the primary winding. 

A current transformer is one in which the current 
in the secondary winding always bears a definite rela- 
tion to the current in the primary winding. 

A constant-current transformer is one in which the 
current in the secondary winding remains practically 
constant independent of the value of the current in 
the primary winding. 

Since the current in the secondary winding of a 
current-transformer always bears a definite relation 
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to the current in the primary winding, this trans- 
former may be used in combination with a low-reading 
alternating-current ammeter in measuring the current 
in an alternating-current circuit, as the ammeter 
shunt is used in the direct-current circuit. The trans- 
former is so constructed that the current in the 
secondary winding is a definite fractional part of 
the current in the primary winding, and the indica- 
tion of an ammeter connected in the secondary circuit 
must be multiplied by a constant whose value depends 
upon the relation between primary and secondary 
currents, unless the scale of the ammeter is marked 
to read directly in amperes in the primary circuit. 

Example. — The ratio of primary to secondary current in 
a certain current transformer is 50 to 1. What current is 
there in the primary winding when an ammeter connected in 
the secondary winding indicates 5 amperes f 

Solution,— Since the ratio of primary to secondary current 
is 50, then the primary current is 50 times the secondary cur- 
rent, or 

Jp = 50 X /» 

= 50 X 5 = 250 amperes 

One ammeter may be used with any number of cur- 
rent transformers, but the secondary winding of the 




Figure 96. — Switchboard Type Current Transformer. 

different transformers must never be opened while 
there is a current in the primary winding, as the 
transformer will either be injured or destroyed. A 
special switch must be provided which will short all 
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the secondaries except the one to which the ammeter 
is connected. It is always advisable to use as many- 
ammeters as current transformers and the above 
trouble is reduced to a minimum. Two forms of 
current transformers are shown in Figures 96 and 97. 
The transformer shown in Figure 96 is a switchboard 
type of current transformer, and its primary is so 
constructed that it may be connected permanently 
in the main circuit. The transformer shown in Figure 




Figure 97. — Portable Type Current Transformer. 

97 is a portable tj^e of current transformer, and it is 
composed of a single coil which is placed about a spe- 
cially constructed iron ring which encircles the con- 
ductor, in which the current is to be measured. The 
coil itself forms the secondary winding and the con- 
ductor the primary winding. 

The potential transformer serves the same purpose 
in the alternating-current circuit that the multiplier 
does in the direct-current circuit. The potential trans- 
formers are usually constructed so that their second- 
ary voltage bears a definite relation to the primary 
voltage, and the readings of a voltmeter connected to 
the secondary terminals must always be multiplied by 
a constant whose value depends upon the relation of 
primary and secondary voltages, in order to obtain the 
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value of the voltage between the terminals of the pri- 
mary winding, unless the scale of the instrument is 
marked to read directly in volts. 

Example. — ^A potential transformer is so wound that the 
secondary voltage is one-tenth of the primary voltage. What 
pressure exists between the terminals of the primary winding 
when a voltmeter connected to the terminals of the secondary 
circuit indicates 110 volts f 

Solution. — Since the ratio of primary voltage to secondary 
voltage is 10, then the primary voltage wiU be 10 times the 
secondary, or 

Ep = 10X En 

= 10 X 110 = 1,100 volts 

A single voltmeter may be used in combination with 
several potential transformers in determining the 
voltage of different circuits, a special switch being 
provided by means of which the voltmeter connections 
may be shifted from one secondary winding to the 
other. 

A great advantage in the use of current and poten- 
tial transformers is due to the fact that their primary 
windings, which may be connected to a very high 
voltage circuit, are insulated from the secondary 
windings, and the likelihood of an operator or attend- 
ant in the power house coming into contact with the 
high-voltage circuit is thus greatly reduced. 

The relation of primary to secondary current in the 
current transformer is not constant for all values of 
primary current. This relation also depends upon 
the resistance connected between the terminals of the 
secondary winding, and for these reasons the ratio 
of primary to secondary current is determined for 
all values of primary current the winding is supposed 
to carry with a definite impedance, or a particular 
ammeter connected in the secondary winding. 

The relation of primary to secondary voltages, in 
the case of the potential transformer, will change with 
a change in the value of the current the secondary 
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winding of the transformer must supply. The ratio 
of voltage and current transformation is usually as- 
sumed constant for all practical purposes and the 
exact values are used only in very accurate measure- 
ments. 

Current and potential transformers may be used 
in operating a number of instruments on a switch- 



Figure BS. — Potential TranBlormer. 

board at the same time, such as voltmeters, ammeters, 

wattmeters, power-factor meters, frequency meters, 
etc. A form of potential transformer for pressures 
up to 15,000 volts is shown in Figure 98. 



Electrolysis. — If two conducting plates, such as 
platinum, be immersed in acidulated water and a cur- 
rent of electricity be passed through the solution from 
one plate to the other, the water will be decomposed 
into its two constituents, oxygen and hydrogen. Such 
a combination of plates and solution constitutes what 
is called an electroylic cell, and the process of decom- 
posing the liquid is called electrolysis. The solution 
through which the electricity is being conducted is 
called the electrolyte, and the two plates immersed in 
the solution are called the electrodes. The plate by 
which the electricity enters the solution is called the 
positive electrode, or anode, and the plate by which 
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the electricity leaves the solution is called the negative 
electrode, or cathode. The parts into which the elec- 
trolyte is decomposed are called ions, and the ion lib- 
erated at the positive electrode is called the anion, 
while the ion liberated at the negative electrode is 
called the cathion. The vessel, plates, and other ap- 
paratus used in electrolysis constitute what is termed 
a voltameter, when such apparatus is used to measure 
a quantity of electricity or the average current in a 
circuit. 

When water is decomposed by an electric enrrent, 
hydrogen appears at the negative plate, or it is the 
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cathion, and oxygen appears at the positive plate, 
or it is the anion. A simple electrolyte cell is shown 
in Figure 99. 

Coulomb and Ampere. — ^The covlomb is the unit of 
quantity of electricity, and it is that quantity which 
win, under definite fixed conditions, deposit .001118 
gram of silver from a solution of nitrate of silver in 
water. If this quantity of silver is deposited in 
exactly one second and the rate at which the elec- 
tricity is transferred is the same at each instant, there 
is said to be a current of one ampere in the circuit. 

The weight of a metal deposited by a coulomb of 
electricity, when caused to pass through a solution of 
a salt of the metal and water, is called the electro- 
chemical equivalent of the metal. The values of the 
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electro-chemical equivalent for some of the common 
metals are as follows: 

silver 001118 zinc 000338 

copper 000329 lead 001071 

nickel 000304 

The voltmeter may be used as a quantity-measuring 
instrument when the constant of the metal in the 
electrolyte is known, and the value of the quantity in 
coulombs will be equal to the increase in weight of the 
cathode in grams, divided by the value of the constant. 

Examples, — 1. The plates forming the cathode of an elec- 
trolytic cell, having an electrolyte of zinc sulphate, are in- 
creased in weight 1.014 grams. What quantity of electricity 
passed through the cell? 

Solution, — The quantity of electricity in coulombs is equal 
to the increase in weight divided by the electrochemical equiva- 
lent of the zinc, or 

Q = 1.014 -5- .000338 

^ 3,000 coulombs 

2. Assuming that the quantity of electricity in the above 
example passed through the electrolyte at & uniform rate for 
a period of 2.5 minutes, what was the current in the circuit in 
amperes f 

Solution, — Since the current is equal to the quantity in 
coulombs divided by the time in seconds, we have 

I = 3,000 -f- (2.5 X 60) 

= 20 amperes 

Adaptability of Voltameters. — The voltameter is 
primarily a quantity-measuring instrument and it will 
measure the current only when the rate of flow of 
electricity is constant and, as a result, it is not suit- 
able for ordinary work. Determinations of the value 
of a current made by the instrument are very accu- 
rate ; and when properly made, they are used as pri- 
mary standards in checking up the indications of 
other current-measuring instruments. 
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The voltameter is not suitable for pressure meas- 
urements, since its resistance is not constant and, as a 
result, the current through it would not always be 
proportional to the pressure impressed upon the cir- 
cuit of which the voltameter is a part. The voltameter 
would give the average value of the pressure for a 
given time, if its own resistance were to remain con- 
stant, rather than the pressure at some particular 
instant. 

Voltameters cannot be used in alternating-current 
measurements, since there would be a reversal of chem- 
ical action each time there was a change in the direc- 
tion of the current, and if the same quantity of elec- 
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Figure 100. — Connections of Electrolytic Meter. 



tricity passed through the instrument in one direction 
as passed through it in the other, there would be no 
metallic deposit on either of the sets of plates. 

The old Edison chemical meter and the Wright elec- 
trolytic meter, which is used quite extensively in 
Europe, depend upon the electrolytic action of the 
current. These meters are connected in parallel with 
a shunt, as shown in Figure 100, and only a fractional 
part of the current in the main circuit passes through 
them. Meters of this type are also used as watt-hour 
meters, in which case they are usually calibrated to 
read directly in kilowatt-hours at some assumed 
voltage. 
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INSTRUMENTS WHOSE OPERATION DEPENDS UPON THE 
(MAGNETIC EFFECT OF A CURRENT 

Magnetic Effect of a Current, — The magnetic effect 
of a current was discussed in Chapter II and it is only- 
necessary to bear in mind the following facts : 

(a) There is a magnetic field about a conductor in 

which there is a current due to the current in 
the conductor. 

(b) The direction of the magnetic field, due to the 

current in the conductor, will depend upon the 
direction of the current. 

(c) The strength or intensity of the magnetic field at 

any point about a conductor carrying a current 
will vary with the value of the current in the 
conductor and the distance the point is from 
the conductor. 

(d) If a conductor, in which there is a current, be 

placed in a magnetic field in any position other 
than parallel to the field, it will be acted upon 
by a force which tends to move it in a path 
perpendicular to the direction of the field and 
whose value depends upon the strength of the 
magnetic field, the value of the current, the 
length of the conductor in the field, and the 
angle the axis of the conductor makes with the 
direction of the magnetic field. 

Instruments whose operation depend upon the mag- 
netic effect of a current in a conductor may be classi- 
fied as follows: 

(A) Those in which permanent magnets are used, 
they being acted upon by the magnetic field 
produced by the current. Either the magnet 
or the conductor carrying the current may 
form the moving part. 
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(B) Those having soft iron or other metal parts 

which are moved, due to the magnetic effect 
produced by the current in the conductor. 

(C) Those in which no iron is used, but having two 

coils, one of which is movable. This coil is 
moved, due to a magnetic force that is exerted 
between them when there is a current in both 
coils. 

CLASS **a'' instruments 

The Tangent Oalvanometer. — ^If a magnetic needle 
be supported in the center of a coil, as shown in Fig- 
ure 101, there will be a force tending to turn the 
needle from its position of rest in the earth's magnetic 




Figure 101. — Tangent Galvanometer. 

field when there is a current in the coil, provided the 
plane of the coil is not perpendicular to the direction 
of the earth's field. This force will increase with an 
increase in current in the coil and, as a result, the 
needle will be deflected more and more as the current 
is increased until it occupies a position almost perpen- 
dicular to the plane of the coil. If a suitable scale be 
constructed and mounted directly beneath the needle, 
so that the needle, or a pointer attached to the needle, 
will move over the scale, the deflection of the needle 
from the position of rest, due to a certain current, 
can be determined. 
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The force which tends to return the needle to its 
initial position is due to the ma^etic field of the 
earth. In using the instrument the coil carrying the 
current should be placed with its plane parallel to the 
plane of the needle and allowed to remain in this 
position while all readings are being taken. Such an 
instrument is usually called a tangent galvanometer, 
or ammeter, because the current in the coil is equal to 
some constant times the tangent of the angle through 
which the needle moves. The indications of an instru- 
ment of this kind are disturbed by the presence of 
magnetic fields other than that of the earth, or the 
current in the coil, and, as a result, its operation is 
not Tery satisfactory except under ideal conditions. 

D'Arsonval Instrument. — In the D'Arsonval type 
of instrument, the permanent magnet is the stationary 



Bigure 102. — D'AraoBTHl Galvanometer. 

portion, and the conductor carrying the current forms 
the moving part of the instrument. The instrument 
is named after a French scientist, who first put it into 
a useful form. The conductor carrying the current to 
be measured is bent into the form of a coil and may 
be either suspended or supported in the magnetic field 
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of one or more permanent magnets. In the most sen- 
sitive forms of the instrument the coil is usually sus- 
pended by a conducting thread, such as phosphor- 
bronze or plated quartz fiber. The electricity is con- 
ducted to and from the coil by means of this support 
and another electrical connection at the bottom of the 
coil — ^which may consist of a second fiber of the same 
material as the upper one — or it may be a fine wire 
coiled into a spiral, or a wire may dip into a cup of 
mercury. 

A D'Arsonval galvanometer, complete with tele- 
scope and scale, is shown in Figure 102. The deflec- 
tions of the coil are measured by means of the tele- 
scope and scale, together with a small mirror mounted 
on the moving system of the instrument. The image 
of the scale in the mirror may be read by means of 
the telescope and, as the mirror turns, the part of the 
scale visible through the telescope changes. The de- 
flection of the moving system, as read on a curved 
scale, will always be twice the actual deflection. If a 
straight scale is used, the readings on the scale, due 
to a given movement of the coil, increase in value with 
an increase in deflection, due to the fact that the ends 
of the scale are farther from the mirror than the 
center. 

The Ballistic Galvanometer, — The ballistic galvan- 
ometer is a form of galvanometer having a compara- 
tively heavy moving system, which results in the 
galvanometer coil not moving from its zero position, 
or position of rest, immediately after it is connected 
to a source of electrical pressure. As a result of this 
property of the galvanometer, it is possible to almost 
completely charge or discharge a condenser through 
it before the moving system has moved appreciably 
from its zero position. In such a galvanometer, the 
deflection is produced in a manner similar to the 
action of a rifle bullet striking a suspended weight. 
The energy of the bullet is imparted to the weight 
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which causes it to deflect and come to rest at an 
extreme position. When the weight comes to rest in 
its extreme position, the energy imparted to it has all 
been used in overcoming the action of gravity, as the 
weight is now in a higher position than when at rest. 
In the ballistic galvanometer the energy of the charge 
is imparted to the moving system and causes it to 
revolve against the action of a spring or suspension 
until the energy of the quantity is all stored in the 
spring or suspension. The moving system does not 
remain in this extreme position but immediately starts 
to return to its zero position and in doing so the 
energy of the spring or suspension is imparted to it, 
neglecting certain losses, and it is deflected to an 
extreme position in the opposite direction. The mov- 
ing system would continue to move back and forth 
between these two positions for an indefinite period 
if it were not for the action of certain forces, called 
damping forces, the principal ones of which are the 
friction of the air and the action of the induced cur- 
rents produced by the relative movement of the coil 
and magnetic field due to the permanent magnets. 
As a result of these damping forces, the actual deflec- 
tion produced by a given quantity of electricity is not 
as great as would occur if there were no damping 
forces present. The observed deflections must be mul- 
tiplied by a factor, called the damping factor, which 
is always greater than unity, in order to get the the- 
oretical deflection. The value of the damping factor 
is not constant but depends upon the resistance in 
series with the instrument when the observed deflec- 
tion is produced. The experimental determination of 
the damping factor is explained in Chapter XI. 

D'Arsonval Ammeters and Voltmeters. — The mov- 
ing coil in these instruments is mounted on pointed 
pivots which are extremely hard and rest in agate 
jewels, which results in a very small frictional resist- 
ance to the movement of the coils. A light pointer is 
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attached to the coil and so arrai^ed that it moves 
over a suitable scale properly graduated and lettered 
so that the indication of the instrument may be easily 
determined. 

A view of the moving system of an instrument of 
this type is shown in Figure 103, with a portion of 
the instrument removed so as to show the construc- 
tion. The permanent magnet is of the horseshoe type 
and has two pole pieces fastened to its ends by means 
of heavy screws. The inner surface of each of these 
pole pieces is cut away so it forms an are, the center 
of which is midway between the two inner surfaces of 
the ends of the magnet. A soft-iron cylinder is 



Figure 103. — View of D'ArsoovBl Instrument. 

mounted between the two pole pieces and serves to 
improve the magnetic circuit by reducing its reluc- 
tance. The magnetic lines cross the air gap between 
the pole pieces and the soft-iron core perpendicular to 
their surfaces; and since the length of the air gap is 
practically constant, the magnetic field will be uni- 
form for all positions in the air gap except near the 
edge of the pole pieces. The coil carrying the current 
to be measured is mounted so that it can turn about 
the soft-iron cylinder. The force tending to return 
the coil to its zero position is supplied by two springs, 
one above and the other below the coil and so arranged 
that the one winds up and the other unwinds, due to 
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any movement of the coil. The electrical conriections 
to the coil are made through these two springs. 

Practically the same moving system is employed in 
the constructioD of ammeters and voltmeters. In the 
ammeters, except those used in measuring very small 
currents, a low resistance, capable of earryi:^ the 
current the instrument is supposed to measure, is 
connected between the binding posts on the instrttment 
ease ; and the moving system is connected in parallel 
with this resistance. Binding posts are provided of 
ample size t» carry the current. A "Weston portable 
ammeter is shown in Figure 104. 

In flie voltmeter, a resistance is connected in series 
with the moving system between the terminals of the 



Figure 104. — Weston Ammeter, 

instrmuent. The value of the resistance to he placed 
in aeries with any moving system will depend upon 
the current required to give a full-scale deflection 
and on the voltage that a full-scale deflection is to 
indicate. Thus, if a certain moving system requires 
.01 ampere to produce a full-scale deflection and it is 
desired that the full deflection correspond to a pres- 
sure of 150 volts, it win be necessary to have a total 
resistance between the terminals of the instrument 
of (150-f-.01), or 15,000 ohms. 

Voltmeters are usually constructed with more than 
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one combination of terminals, and the resiBtance in 
circuit with the different combinations are, as a rule, 
whole multiples of each other. If in the above case 
the resistance of a second circuit through the moving 
system was 300 ohms, a full-scale deflection would be 
produced by a pressure of 3 volts. The resistances in 
series with the moving system are mounted in the 
same case as the system itself, except in the case of 
very high voltages, when an outside resistance, called 
a multiplier, is connected in series with the instru- 
ment. One terminal of all the circuits through the 
instrument are usually connected to a common bind- 



Figure 105. — Weston Voltmeter, 

ing post and the remaining terminals are connected 
to individual posts. Independent series resistances 
are usually used in each circuit so that the adjustment 
of one resistance will not interfere with that of any 
of the others. A contact key is usually placed in 
series with the common binding post, which serves to 
open or to close the voltmeter circuit. A Weston 
portable voltmeter is shown in Figure 105, 

A mUli-voltmeter is an instrument used in measur- 
ing very low pressures. Its resistance is very low in 
comparison to the ordinary voltmeter, in order that 
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the required deflecting current may be produced by 
the very low pressure between its terminals. A small 
change in the resistance between the terminals of such 
an instrument will make quite a large change in the 
deflection produced by a given pressure, and, as a 
result, no contact key is used due to its variable 
resistance of contact, and special leads are provided 
so that the same resistance will always be in series 
with the moving system. When the instrument is 
calibrated with a given set of leads, it indicates the 
pressure between the ends of the leads and not between 
the binding posts of the instrument. 

Milli-voltmeters are used in combination with known 
resistances in measuring current. The milli-voltmeter 
is connected between the pressure terminals of the 
resistance, and its indication is the drop over the 
resistance. This drop divided by the value of the 
resistance will give the value of the current. Any 
number of current ranges may be had by using known 
resistances of different values. These resistances 
should have sufficient current-carrying capacity to 
take care of the maximum current of the circuit. 

Adaptability of Instruments with Permanent Mag- 
nets. — D'Arsonval instruments are used very exten- 
sively in practice and there are a number of makes on 
the market which give satisfactory results under vari- 
ous conditions of operation. They are ''dead-beat''; 
that is, the coil, or moving system, swings immediately 
to its proper position without swinging back and 
forth, as in many of the other types. The scales of 
instruments of this type are practically uniform 
throughout their entire length. They can, however, 
be used only in direct-current measurements, because 
the direction of the deflection is dependent upon the 
direction of the current through them. 

Thom^on^ Astatic Instruments for Direct-Current 
Switch-hoards. — The Thomson astatic instruments are 
a modification of the D'Arsonval type of instrument. 



isa e:l.gctiucal ukasurembnts 

The fields of these instniments are electromagnets 
wound for any specified voltage and provided with 
binding posta separate from the current posts of the 
instrument. The moving coils are mounted upon an 
aluminum disk and are located in a magnetic field 
which is parallel to the shaft and astatically arranged. 
Two small pieces of magnetic metal are rigidly 
mounted on the shaft, and the astatic components of 
the magnetic field, which are perpendicular to the 



Flgnre 106. — TbomaDn Astnttc AmmeteF, Cover Removed. 

shaft, tend to heep the pieces of magnetic metal in 
their initial positions. When current passes through 
the coils of the moving element, the lines of force 
parallel to the shaft produce a torque which tends to 
turn the shaft and cause the needle to travel across 
the scale. This action is, of course, opposed by the 
magnetic field at right angles to the shaft acting on 
the two pieces of magnetic metal. These instruments 
have no controlling springs. The current is conducted 
to and from the movable element by two small spirals 
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made of silver alloy and they exert no force as springs. 
The actuating and restraining forces are dependent 
upon the same electromagnets. However the strength 
of the magnets may change, the relative distribution 
of the field cannot change; and consequently, the 
accuracy of the instrument cannot be affected. There- 
fore the two variable elements common in many direct- 
current instruments are eliminated and the calibration 
of the instrument is practically constant. 

The effects of external field are eliminated by the 
astatic arrangement of the fields and moving parts. 
A field which tends to increase the torque on one side 
of the moving element diminishes it to a corresponding 
degree on the other side. These instruments are made 
as ammeters and voltmeters for direct-current switch- 
board use only. A front view of an instrument of 
this type, with the cover removed, is shown in Figure 
106. 

CLASS *'b'* instruments 

Plunger Type Ammeters and Voltmeters. — A dia- 
grammatic representation of the construction of a 




Figure 107. — Principle of Plunger Type Instrument. 

plunger type ammeter or voltmeter is given in Figure 
107. The coil C carries the current to be measured, 
and there is a magnetic force exerted on the rod of 
iron B, when there is a current in the coil, which tends 
to draw the rod into the coil and thus cause the 
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pointer P to move over the scale S. Gravity, in this 
case, is the controlling force against which the mag- 
netic action of the coil acts. The rod E is composed 
of very soft iron, or laminated iron, and it becomes a 
magnet due to the action of the current in the coil C 
and, as a result, is drawn inside the coil. The distance 
the rod moves, due to a given current, will depend 
upon the value of the controlling force and the ampere 
turns on the coil. When the instrument is to be used 
as an ammeter, the coil is wound with a few turns of 
large wire and the necessary ampere-turns are pro- 
duced by a large current through a few turns. In the 
voltmeter the coil is wound with a large number of 
turns of small wire and the necessary ampere-turns 
are produced by a small current through a large num- 
ber of turns. This construction results in the winding 
of the ammeter having a low resistance and the wind- 
ing of the voltmeter a high resistance, which is a 
desirable condition in order that the power required 
to operate them be low. 

Magnet'Vane Ammeters and Voltmeters. — ^Instru- 
ments of this type operate on the principle that a 
piece of soft iron, when placed in a magnetic field and 
free to move, will always move into such a position 
that it will conduct the maximum number of lines of 
force, or it will tend to move into the strongest part 
of the field and with its longest dimension parallel to 
the direction of the field. A diagrammatic representa- 
tion of an instrument of this type is shown in Figure 
108. The coil C carries the current to be measured, 
and this current produces a magnetic field within the 
coil which will be approximately perpendicular to 
the plane of the coil. A small piece of soft iron V, 
called the vane, is mounted on a shaft which is sup- 
ported in jewel bearings with its axis parallel to the 
axis of the coil. The shaft carrying the vane is not 
in the center of the coil, which results in the distance 
the vane is from the inner edge of the coil changing 
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as the shaft rotates, the distance decreasing with an 
increase in the deflection of the moving system. A 
pointer P is attached to the shaft and moves over the 
scale 8, and a small spiral spring 8^ supplies the con- 
trolling force which keeps the pointer at zero when 
there is no current in the coil. The magnetic field 
inside the coil, due to a given current, increases in 
strength as you pass from the center toward the 
inner edge and, as a result, the vane will move so that 
the distance between it and the inner edge of the coil 
is as small as possible, if it were not for the restoring 
force supplied by the coiled spring. The tendency of 




Slinire 108. — Principle of Magnet Vane Instrument. 

this vane to rotate increases with an increase of cur- 
rent in the coil and, as a result, the pointer attached 
to the moving system moves over the scale with an 
increase in current until there is a balance between 
the restoring force of the spring and the deflecting 
force, due to the action of the magnetic field upon the 
vane. 

In some instruments of this type there is both a 
stationary and a movable vane. They both become 
magnetized due to the current in the coil, and, since 
the polarity of their magnetic poles at the upper and 
the lower ends will be the same, they will repel each 
other. If the stationary vane is properly located with 
respect to the movable one, the moving system will 
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be deflected. Ammeters and voltmeters operating on 
this principle differ only in the size of wire and the 
number of turns in the coil carrying the current to 
be measured. 

Thomson Inclined CoU Instruments. — ^A diagram- 
matic representation of the construction of a Thomson 




Figure 109. — Principle of Thomson Inclined Coil Instrument. 

inclined-coil instrument is shown in Figure 109. The 
coil C carrying the current to be measured is mounted 
at an angle to the shaft 8 supporting the pointer P. 
A strip, or bundle of strips, of iron I is mounted on 




Figure 110. — Thomson Inclined Coll Ammeter, Cover Removed. 

the shaft 8 and held by a spiral spring when there 
is no current in the coil, so that its position is nearly 
parallel to the plane of the coil. When a current is 
established in the coil, the vane tends to take up a 
position with its longest dimension parallel to the mag- 
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netic field, which results in the shaft being rotated 
and the pointer moved over the scale. The moving 
system will come to rest when the deflecting and 
restoring forces are equal. The degree of this move- 
ment will vary with the ampere-turns in the coil. 
Ammeters and voltmeters operating on this principle 
differ only in the size of wire and the number of 
turns in the coil carrying the current to be measured. 
A Thomson inclined coil type of instrument with the 
cover removed is shown in Figure 110. 

Adaptability of Instruxnents with Soft-Iron Parts. 
— The instruments described in the previous three 
sections may be used in measuring either direct or 
alternating currents and pressures. Their indications 
are, however, not reliable when used in direct-current 
work because they are influenced by outside fields and 
masses of iron. There is also a lag of the magnetic 
condition of the piece of soft iron behind the mag- 
netizing force, which results in their indication being 
lower than the true value as the current in the coil 
is increasing in value, and higher as the current in 
the coil is decreasing in value. "With alternating cur- 
rent, these objections are not present and the opera- 
tion of the instruments will be found to be quite sat- 
isfactory, provided the outside field, if any, does not 
change at the same frequency as the current being 
measured. The inductance of a voltmeter of this type 
is usually quite high and, as a result, the indication 
of the Instrument will be different for different fre- 
quencies, which is a decided disadvantage. 

Considerable time, as a rule, is required for the 
moving system to come to rest after a given current 
is established in the coil, which is a disadvantage in 
the operation of the instruments, but can be overcome 
to a certain extent by attaching a light aluminum vane 
to the moving system which dampens the movement 
due to its fan-like action. The scale divisions are not 
uniform throughout the entire scale. 



172 



ELEX^TRICAL. MEASUREMENTS 



Induction Type Ammeters and Voltmeters, — ^In- 
struments of this class depend upon the principle of a 
rotating magnetic field which is produced by the cur- 
rent to be measured, acting upon a short-circuited sec- 
ondary, such as a copper or aluminum disk or cup. 
The Westinghouse ammeters and voltmeters of the 
induction type have two coils which correspond to the 
primary and the secondary windings of a current 
transformer. The primary winding is arranged to 
be connected in series with the circuit in which the 
current is to be measured and the secondary winding 
is short-circuited on itself, as shown in Figure 111. 




Figure 111. — Diagram of Westinghouse Induction Ammeter. 

The resultant action of the two currents in the pri- 
mary and the secondary windings, which are dis- 
placed in phase, produces the effect of a rotating mag- 
netic field. This rotating magnetic field acts upon 
the copper or aluminum disk, or cup, C and causes it 
to rotate about the axis upon which it is supported 
against the action of one or more coiled springs. The 
strength of these springs is so adjusted that a full 
scale deflection is obtained when a current equal in 
value to that for which the instrument is designed is 
passed through the primary winding. This same prin- 
ciple is used in the construction of wattmeters and 
watt-hour meters and is treated more at length in 
Chapters VIII and IX. Induction instruments are 
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suitable for alternating-current measurements only, 
and their indication depends upon the frequency of 
the current being measured and the temperature, but 
methods are employed in the better types to compen- 
sate for these errors. The scales of such instrumenta 



Figure 112.— Westlnghon 

are unusually long and open, frequently covering as 
much as 300 degrees. A portable induction ammeter 
with the case removed is shown in Figure 112. 

CLASS "c" INSTRUMENTS 

EUctrodynamometers. — The electrodynamometer is, 
perhaps, the best example of an instrument whose 
operation depends upon the magnetic force exerted 
between two coils, both of which have a current in 
them. The two coils are usually placed at right angles 
to each other as shown in Figure 113, one of them 
being fastened rigidly to the frame of the instrument, 
while the other is supported or suspended and its 
position controlled by a spring. When a current 
exists in both coils, the movable one tends to turn 
into sueh a position that its magnetic field is parallel 
to the magnetic field produced by the current in the 
stationary coil. The movable coil, however, is brought 
back to its zero position by turning the thumb screw, 
which is connected to the upper end of the spring, 
causing the spring to move, and the tortion in the 
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Spring exactly balances the tendency for the eoil to 
turn when the thumb screw has been turned through 
the proper angle, A pointer is fastened to the thumb 
screw and moves over a graduated scale. The effect 
produced by a given current through the two coils, 
which are connected in series, is then read as so many 
divisions on the scale. 

When the instrument is used as an ammeter, the two 
coils consist of a few turns of lai^e wire, depending, 



Figure 113. — Electrodynsmometer, 

of course, on the current capacity of the instrument. 
Very frequently the stationary part is composed of 
two coils having a different number of turns. A full- 
scale deflection will be produced by a smaller current 
when the stationary coil having the larger number of 
turns is used. In some cases iho stationary coils are 
arranged so they can be connected in parallel, series, 
or used singly, and this changes the current range of 
the instrument. 

"When the electrodynamometer is used as a volt- 
meter, the coils are composed of a large nimiber of 
turns of small wire. Frequently an additional non- 
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inductive resistance is provided to be used in series 
with the instrument, which increases its range as a 
voltmeter. 

AdaptahUity of Electrodynamometer Instruments. 
— The indications of instruments of the electrodyna- 
mometer type are influenced by the effect of stray 
magnetic fields and, as a result, they are not altogether 
satisfactory for direct-current measurements. This 
error, however, can be reduced to practically zero if 
the disturbing effect remains constant — ^which is not 
always the case — ^by taking the average of two read- 
ings of the instrument with the current through the 
coils in the opposite direction in the two cases. The 
above errors do not occur when the electrodyna- 
mometer type of instruments is used in alternating- 
current measurements, unless the frequency of the 
disturbing field is the same as the frequency of the 
current being measured, because the current is con- 
tinuously reversing in direction. 

The inductance of the electrodynamometer volt- 
meter should be as low as possible in order that a 
change in frequency of the impressed voltage will 
cause a small error in the indication of the instru- 
ment. 

INSTRUMENTS WHOSE OPERATION DEPENDS UPON THE 
HEATING EFFECT OF A CURRENT 

Heat Generated in a Conductor Due to a Current 
in the Conductor, — ^When there is a current produced 
in a conductor, the energy expended in overcoming 
the resistance of the conductor is manifested in the 
form of heat. The rate at which the heat is developed 
in a conductor is proportional to 

(a) The resistance of the conductor 

(b) The square of the current in the conductor. 

Numerous practical applications are made of the 
heating effect of a current in a conductor, such as 



ITS E:i.En:TRlCAL MBASUREUENT6 

electric irons, cooking stoves, heaters, lamps, electric 
welding, fuses, hot-wire instruments, etc. 

Hot-Wire Instruments. — The heat generated in a 
conductor due to a current in it will cause the con- 
ductor to expand. The amount of this expansion 
will depend upon the rise in t«mperature, which, in 
turn, depends upon the current in the conductor. The 
principle upon which one of the hot-wire instruments 
on the market at the present time operates is shown 
diagrammatically in Figure 114. A wire AB of eom- 



Fiaiirc 114. — Principle of Hot-Wire Inatniment 

paratively high resistance, low-temperature coeffi- 
cient, and non-oxidizable metal, has one end attached 
to the plate C, then passed over the pulley P, which 
is attached to the shaft S, and its free end brought 
back and mechanically, though not electrically, at- 
tached to the plate C. The spring F keeps the two 
sections of the wire between the plate C and the pulley 
P under tension, it being attached to the plate C, 
which is so guided that it can move only in a direc- 
tion perpendicular to itself. An arm Q is also at- 
tached to the shaft 8, it being counterweighted at 
the upper end by the weight W, and bifurcated at 
the lower end. A fine silk thread T has one end 
attached to one arm of G, then passed around a small 
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pulley H, which is mounted on a shaft that carries a 
pointer I, and finally has its other end attached to 
the other arm of O, The material composing the 
arms O is springy and serves to keep the silk fiber 
in tension. The current to be measured passes 
through the section of wire A, entering and leaving 
through two twisted conductors, as shown in the 
figure. When a current is passed through A, it is 
heated and expands, which results in the tension in 
the section of wire A being less than in the section of 
wire B — they were originally the same — and equilib- 
rium can be restored only by the pulley P rotating 
in a clockwise direction. This rotation of the pulley 
P causes the lower end of the arm Q to move toward 
the left, and the silk thread which passes around the 
pulley J? causes it to rotate in a clockwise direction. 
This rotation of the pulley P causes the lower end of 
the arm Q to move toward the left, and the silk 
thread which passes around the pulley H causes it 
to rotate in a clockwise direction, and, as a result, 
the pointer I is deflected to the right, it being rigidly 
connected to the same shaft to which the pulley H is 
connected. In the case of ammeters, except those 
used in measuring small currents, a low-resistance 
instrument is used in parallel with a suitable shunt, 
while in the case of voltmeters a high-resistance 
instrument is employed. 

Adaptability of Hot-Wire Instruments. — The oper- 
ation of the instrument described in the previous 
section is quite satisfactory, as any change in the 
temperature of the room in which it is used does not 
aflfect the correctness of its indication, since both 
sections of the wire A and B are affected to the same 
extent, which results in no movement of the pointer. 
In some instruments of this type, no adjustment or 
compensation is provided for errors due to changes 
in room temperature. Hot-wire instruments may 
be used equally well in both alternating- and direct- 
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current measurements, the heating effect of the cur- 
rent being independent of its direction. 

INSTRUMENTS WHOSE OPERATION DEPENDS UPON THE 

ELECTROSTATIC EFFECT 

Principle of Electrostatic Instruments, — ^Electro- 
static instruments depend for their operation upon 
the attraction between electrostatic charges of oppo- 
site sign. When a condenser is charged by connect- 
ing it to a source of electrical pressure, there is a 
force tending to draw the plates together. If the 
construction of the condenser is such that one of 
the plates may move, the capacity of the combination 
will increase somewhat as the plates approach each 
other, thus increasing the amount of the charge on 
the plates due to a certain pressure and, hence, the 
attractive force between them. The movable plate 
may be held in its normal position by a coiled spring, 
or a gravity control may be used. This principle 
is used in the construction of electrostatic voltmeters 
but the forces acting on the moving system are so 
small for ordinary voltages, say up to 150 volts, 
that they are not satisfactory. They are, however, 
well adapted to the measurement of high voltages. 

Electrostatic Toltmeter. — ^An electrostatic voltmeter 
for measuring extremely high voltages is shown dia- 
grammatically in Figure 115. The principal parts 
of the instrument are the moving elements i!f ^ and Mz, 
the curved plates B^ and B2, the condensers C^ and C2, 
scale 8, pointer P, and terminals T^ and Tg- The plate 
Bi is connected to the inner plate of Ci and the plate 
B2 to the inner plate Cj. The plates B^ and B2 are 
curved and so arranged with respect to M^ and M2, 
which are electrically connected, that a movement 
of the pointer P over the scale 8 above zero shortens 
the gap between the moving elements and fixed plates. 
The charges on the plates B^ and Bj ^-^e of opposite 
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sign and they induce opposite charges on Jf^ and M^^y 
which results in a force that tends to turn the moving 
system about its own axis, or into such a position that 
M^ and M2 are nearer B^ and B^. The movement, 
however, is restrained by a spiral spring, not shown 
in the figure and the deflection is indicated by the 
pointer P on the scale 8, The form of the two plates 
Bi and Bg is such that the deflection increases almost 
directly as the impressed voltage between the ter- 
minals Ti and Tj* The two condensers Ci and C2 are 




Figure 115. — Principle of Electrostatic Instrument. 

SO constructed that either or both of them may be 
short-circuited, which results in the pressure required 
to produce a full-scale deflection being less than when 
they are in circuit, thus giving the instrument quite 
a wide range. The condensers and plates shown in 
Figure 115 are all immersed in oil, which affords 
a good insulation and also serves to buoy up the 
moving system, practically removing all the weight 
from the bearings. Instruments of this type are con- 
structed to measure voltages up to 200,000 volts. 

Adaptability of Electrostatic Instruments, — Elec- 
trostatic instruments may be used in both direct- and 
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alternating-current measurements. Their indication, 
however, is not correct, if calibrated by direct current 
or low-frequency alternating current, when used in 
measuring currents of high frequency, such as are 
used in wireless work. Their operation is not at all 
satisfactory when the pressure to be measured is low, 
and for this reason they cannot be used in combina- 
tion with a shunt in the measurements of current, 
as the resistance of the shunt would have to be large 
in order that there be the proper difference in pres- 
sure between its terminals to operate the meter, which 
would mean an excessive loss in comparison to that 
which would occur if a low-resistance shunt could 
be used. 



CHAPTER VIII 

CONSTRUCTION AND OPERATION OP WATTMETERS 

Measuring Power by Means of an Ammeter and 
Voltmster. — The power in any part of a direct-cur- 
rent circuit may be determined by measuring the 
current with an ammeter, and the difference in pres- 
sure, by means of a voltmeter, between the terminals 
of the portion of the circuit in which it is desired 
to ascertain the power. The power can then be cal- 
culated by multiplying the ammeter reading, in 
ampeies, by the voltmeter reading, in volts, or 

P=EXI 

Thus, the power taken by a small motor M may be 
determined by connecting an ammeter A in series 
with the circuit to the motor and a voltmeter V across 
the terminals of the motor, as indicated in Figure 
116. The product of the two instrument readings 
at any instant, in volts and amperes, will give the 
power, in watts, being supplied to the motor. 

When the connections are made as indicated in 
Figure 116, the ammeter indicates the current through 
the motor and voltmeter combined. This results in 
an error in the calculation of the power taken by 
the motor on a basis of the voltmeter and ammeter 
readings, and the value of the error will depend upon 
the relation between the currents in the voltmeter 
and the motor circuits. When the current taken by 
the motor, or load, is large in comparison to the cur- 
rent taken by the voltmeter, the current taken by the 
voltmeter may be neglected, as it produces no appre- 
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ciable effort upon the indication of the ammeter. For 
very accurate measurements, however, the current 
taken by the voltmeter should be subtracted from the 
value of the current indicated by the ammeter. The 
voltmeter circuit may be opened and the ammeter 
indication taken if there is no change in pressure be- 
tween the voltmeter terminals, which would be the 
load current alone. 

If the voltmeter be connected across the line before 
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Figure 116. — ^Measuring Power Taken by a Motor. 



the ammeter — ^that is, the ammeter would be between 
the voltmeter connections and the motor — the indica- 
tion of the voltmeter would not be the true value of 
the pressure between the terminals of the motor or 
load, as there would be a certain drop in pressure 
across the ammeter. The drop across the ammeter 
should be subtracted from the voltmeter indication in 
order to obtain the true pressure across the load. 
With a low-resistance ammeter, this drop is very small 
and may be neglected except when very accurate 
results are desired. 

In the case of an alternating-current circuit, the 
product of the current and the pressure as measured 
above will not give the value of the true power unless 
the current and the pressure are in phase. Correc- 
tions cannot be made for the current taken by the 
voltmeter and for the drop over the ammeter, as in 
the direct-current circuit, because the current through 
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the voltmeter is not exactly in phase with the load 
current, nor is the drop in pressure between the ter- 
minals of the ammeter in phase with the pressure 
across the load. With instruments having low induct- 
ance, the error due to a difference in phase of the 
current and the pressure is very small and may be 
neglected except in very accurate measurements. 

Wattmeters. — ^A wattmeter is an instrument for 
measuring power and its indication depends upon the 
combined effects of the load current, or a definite part 
of it, in the circuit in which the power is being meas- 
ured, and the pressure acting upon the load. The 
majority of wattmeters in use at the present time 
may be divided into two classes, depending upon the 
fundamental principle upon which they operate. 
These classes are (1) electrodynamometer wattmeter; 
and (2) induction wattmeters. 

Principle of the Electrodynamometer Wattmeter. — 
The principle of the electrodynamometer wattmeter 
can be illustrated by reference to Figure 117, which 
shows an electrodynamometer with one coil 8 con- 
nected in series with one of the leads to the load 
and the other coil P connected across the line. The 
coil connected in series with the load is wound as 
though it were to be used as an ammeter, and usually 
consists of a few turns of large wire, while the coil 
connected across the line is wound as though it were 
to be used as a voltmeter and consists of many turns 
of fine wire. These two coils are usually called the 
series and the pressure coils, respectively. 

The operation of the electrodynamometer shown in 
Figure 117 may be explained as follows : The current 
taken by the lamps, or load, passes through the series 
coil of the instrument and produces a certain mag- 
netic effect, which changes in value and direction with 
the current. The current in the pressure coil, or cir- 
cuit, will vary with the pressure between the ter- 
minals of the circuit, since the resistance of the 
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circuit remains constant and neglecting any induct- 
ance the circuit may have and, as a result, there is a 
magnetic field produced about the pressure coil which 
will change in strength and direction with the pres- 
sure acting on the circuit. The deflection of the 
moving coil of an electrodynamometer is proportional 
to the product of the magnetic effects of the current in 
the two coils, and since these magnetic effects are 
proportional to the load current and voltage, respect- 
ively, the indication of the instrument, when it is 




Figure 117. — Electrodynamometer Used as a Wattmeter, 



properly balanced, must be proportional to the prod- 
uct of E and /, or it may indicate watts when the 
instrument is calibrated and the scale properly 
marked. 

When an instrument of this type is connected in a 
circuit in which there is a fluctuating current, due to 
a varying load, and the pressure between the ter- 
minals of the pressure circuit remains constant, the 
indications will vary directly with the load current. 
The magnetic effect of the current in the pressure cir- 
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cuit remains constant, since the pressure acting on 
the circuit remains constant and there is no change 
in the resistance, which results in a constant current. 
If the load current remains constant and there is a 
change in the value of the pressure between the ter- 
minals of the pressure circuit, the magnetic Effect of 
the current in the series coil remains constant and 
the magnetic field due to the current in the pressure 
coil changes with the pressure, which results in the 
indication of the instrument varying with the volt- 
age. If the load current and pressure current both 
change in value the indication of the instrument, 
when a balance is obtained, will be proportional to 
the product of the two currents. 

In an alternating-current circuit, the current and 
the pressure are continuously changing in value and 
periodically reversing in direction. If the current 
and the pressure pass through zero value at the same 
time, the direction of the deflecting force acting on 
the moving system will remain constant; but if the 
current and the pressure pass through zero value at 
different times, the deflection force acting on the 
moving system will be in one direction for a portion 
of each alternation and in the reverse direction for 
the remainder of the alternation. In the first case 
the indication of the instrument is proportional to 
the average force acting on the moving system during 
each alternation, which is proportional to the true 
power supplied to the load. In the second case the 
indication of the instrument is proportional to the 
average force acting on the moving system during 
each alternation, which is equal to the difference in 
the force acting in one direction and that acting in 
the opposite direction, or it is proportional to the true 
power supplied to the load. If the current in the 
series coil and that in the pressure coil be displaced 
in phase by 90 degrees, the force acting on the mov- 
ing system in one direction will be exactly equal to 
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the force acting on it in the opposite direction fo^ 
one alternation, or the resultant force will be zero 
and the mOTing system will not be deflected from its 
position of rest. The period of the moving system 
of the instmment must be somewhat greater than the 
period of the current passing through its windings in 
order that the moving system may come to rest at a 
definite deflection. It is not possible to have the 
load current and pressure over the load displaced in 
phase by 90 degrees so the resultant force acting on 
the moving system will never be equal to zero, but it 
may be very small. 

BoUer-Smith Wattmeter. — The principle of the 
BoUer-Smith wattmeter is the same as that of the 



FlKure lis.— Koller-»iDlth Wattmeter. 

dynamometer wattmeter jnat described, except that 
the constmetion is modified to make the instrument 
portable and more suitable for commercial work. In 
this wattmeter the heavy current winding is composed 
of two coils, which are supported in suitable frames 
and enclose a coil composed of fine wire. This coil 
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is mounted on a shaft with pointed ends resting in 
jeweled hearings. Two volute springs serve to hold 
the coil in its zero position and balance the turning 
effort of the coil when there is a current in its wind- 
ing and the current coils. These two springs also 
serve to conduct the electricity into and from the 
movable coil, instead of the mercury cups, as in the 
previous case. A balance is obtained by turning the 
torsion head in the center of the top of IJie instrument 
until the needle attached to the movable coil is indi- 
cating no deflection; the indication of the pointer 
attached to the torsion head is then noted and, if the 
instrument has been calibrated and the scale properly 
marked, should correspond to the power in watts. 
The general appearance of the instrument is shown 
in Figure 118. 

Weston Wattmeter. — The principle of the Weston 
instrument is practically the same as the instrument 



> 119. — Weston Wattmeter. 



described in the previous section. No torsion head, 
however, is used and the pressure coil, instead of 
being maintained at practically the same position for 
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all indications of the instrument, may rotate abont 
its axis through an angle of approximately 90 degrees. 
Two volute springs serve to conduct the electricity 
into and from the movable coil. They also hold 
the movable coil in its zero position and offer the 
opposing force to that produced by the magnetic 
effects of the currents in the pressure and the series 
coils. This form of instrument has an advantage 
over the two previous forms described in that no 
manipulation is necessary to bring about a balance 
and the needle attached to the moving system moves 
directly to a definite position on the scale, which 




Figure 120. — Diagram of Weston Wattmeter. 

should be marked to correspond to the power the 
instrument is measuring. A Weston wattmeter is 
shown in Figure 119 and diagrammatically in Figure 
120. In Figure 120, Ci and Cg represent the two cur- 
rent coils which are connected in series between the 
two posts marked 1 and 2. The pressure connections 
may be made between the terminals 3 and 5, or 
between 3 and 6, The resistance between the ter- 
minals 3 and 6 is usually just half the value of the 
resistance between the terminals 3 and 5. A full- 
scale deflection may then be produced by either of 
two voltages with the same current in the series coil. 
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A top view of the Thomson indicating wattmeter 
mannfaetured by the General Electric Company is 
shown in Figure 121. The current eoil in this instru- 
ment is inclined. 

Compensated Wattmeter. — The power indicated by 
a wattmeter will be in error just the same as the 
value of the power determined by the voltmeter and 
ammeter readings is in error, due either to the cur- 
rent taken by the voltmeter or the drop across the 
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ammeter, unless some means be provided which will 
counteract or compensate for this error. Compensa- 
tion for the current taken by the pressure circuit in 
the Weston wattmeter is provided in the following 
manner: The pressure circuit is always to be con- 
nected across the line after the current coil, which 
results in the current coil carrying the current that 
passes through the pressure coil. This current in 
itself would produce a deflection of the moving sys- 
tem, even though there be no load current through 
the current coil, and, as a result, the meter would 
always indicate a higher value of power than that 
actually taken by the load. If, however, the pressure 
circuit be wound around the series coils the same 
number of times there are turns in the series coils 
and this winding be so connected in the pressure cir- 



190 EI.BCTRICAI. MIIASUREMENTS 

cnit that the magnetic effect of the pressure cnrrent 
in it will be opposite to that of the current in the 
series coils, the magnetic field produced by the pres- 
sure current passing through tiie series coils frill be 
completely annulled and there will be no deflection of 
the moving system until there is a load current 
through the series coil. The turns of wire wound 
around the aeries coils are called compensating turns, 
and they are shown in Figure 120. When a separate 
source of current end pressure are used in calibrating 



Figure 122. — WeatlD^iou«e Djnamometer Wattmeter. 

a wattmeter, there should be no compensating turns 
in the pressure circuit and terminal 4 should be used 
instead of terminal 3. The resistance of the pressure 
cireuit should be the same in both cases, and a nou- 
induetive resistance B, whose resistance is equal to 
that of the compensating turns, is connected in the 
pressure circuit and replaces the compensating turns. 
An interior view of the Westinghouse dynamometer 
type wattmeter is given in Figure 122. 

Adaptability of Electrodynamometer Wattmeters. 
— Electrodynamometer wattmeters will operate on 
either direct- or alternating-current circuits. Their 
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indication on direct-current circuits will, however, 
be influenced by stray magnetic fields; and, in the 
majority of cases, a reversal of current through the 
coils, although the value of the current remains con- 
stant, will result in a difference in indication. The 
effecte of stray magnetic fields are eliminated in what 
is called the astatic type of instrument. This consists 
of a double combination of series and pressure coils 
so interconnected that the effect of any stray field 
on one combination is just the reverse of what it is on 
the other combination with zero resultant effect. 
When the instruments are used in alternating-current 
circuits, these errors are very much reduced — ^pro- 
vided the disturbing field is not alternating and of 
the same frequency as the current in the cofls of the 
instrument — ^since the current passes through the 
coils in one direction for the same length of time it 
passes through them in the opposite direction. It is 
necessary that the inductance of the pressure circuit 
be very small in order that the current through it be 
as near in phase with the pressure between its ter- 
minals as possible. The error due to the inductance 
of the pressure circuit increases as the value of the 
power factor decreases. 

Principle of the Induction Type Wattmeter. — The 
induction type wattmeter depends upon the action 
of a rotating magnetic field upon a metal disk or cup 
which is rotated, due to the action of the field, against 
the torque of a coiled spring. The operation of this 
type of meter in general may be explained by refer- 
ence to Figure 123. The essential parts are a metal 
disk, or cup, C; a pressure circuit P; a series coil 8; 
and a pointer, attached to the pivoted shaft upon 
which the piece of metal C is mounted, which moves 
over a suitable scale. Neither the pointer nor the 
scale is shown in the figure. The deflecting force 
acting on the piece of metal is counteracted by the 
action of a coil spring, not shown in the figure. The 
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pressure coil is very highly iDduetive, so the current 
in the coil lags approximately 90 degrees, or one- 
quarter of a period, behind the pressure coil. There 
is a magnetic field produced by the current in the 
pressure coil which is in phase with the current, and 
the variations in this magnetic flux through the metal 
disk, or cup, induce eddy currents which are displaced 
in phase from the flux by one quarter of a period. 

The series coil S is non inductive or approximately 
so. The current in the series coil produces a mag- 
netic flux through the piece of metal C which is in 
phase with the current The eddy current, produced 




Figure 123. — Weatlngbouse Induction Type Meter. 

by the current in the pressure circuit, and the flux 
due to the series current, are in phase when the pres- 
sure acting on the pressure circuit and the current 
in the series coil are in phase. With this phase rela- 
tion between the flux and the eddy currents, the 
reaction between them will be a maximum, and the 
piece of metal will be rotated due to the reaction. 

The eddy currents in the piece of metal C are pro- 
portional to the current in the pressure circuit, which 
is proportional to the pressure between the terminals 
of the pressure circuit. Similarly, the flux due to the 
load, or series current, is proportional to the value 
of the current, and, as a result, the reaction between 



CONSTRUCTION OP WATTMETERS 



193 



the two gives a deflecting force which is proportional 
to the product of the line pressure and tiie load cur- 
rent, which is the power. 

When the current and the pressure are not in phase, 
the eddy currents and flux do not reach their maxi- 
mum value at the same time nor do they pass through 
zero value at the same time, which results in a 
decrease in the effective torque acting on the moving 
element, and the indication in this case is proportional 
to EleoaO, where 6 is the phase displacement of the 
current and the pressure with respect to each other. 
Hence, the induction wattmeter, when properly con- 
structed and adjusted, will give an indication which 
is proportional to the true power in circuits whose 
power factor is different than unity. 

Westinghouse Induction Wattmeter, — The opera- 
tion of the Westinghouse induction wattmeter may 
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Figure 124. — Diagram of Westinglioase Induction Wattmeter. 



be explained by reference to the diagrammatic sketch 
of its magnetic circuit and windings which is shown 
in Figure 124. The magnetic circuit of this instru- 
ment is very similar to the magnetic circuit of the 
induction ammeter manufactured by the same com- 
pany and shown diagrammatically in Figure 111. 
The windings in this case are different than in the 
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ease of the ammeter, there being two windings con- 
nected to the line instead of one. The two coiis 
marked P are connected in series and form the pres- 
sure circuit of the meter, while the coils marked A 
are in series with the load and are called the current 
cotls. The pressure circuit has a high inductance 
and the current in this cireuit is displaced in phase 
from the pressure by almost 90 degrees. The path 
of the magnetic flux produced by the pressure cur- 
rent is indicated by ^e dotted lines in Figure 125, 




and the path of the magnetic flux produced by the 
current in the series coils by the dotted lines in 
Figure 126, The pressure current makes the two 
projections Or-b of opposite polarity to the two projec- 
tions c-d, and the series current makes the polarity 
of tt-c different than the polarity of b-d. Since the 
two currents are displaced in phase, the resultant 
magnetic field rotates, and there is a torque produced 
on the moving element, which causes a deflection, but 
the movement of the system is opposed by spiral 



In describing the operation of the instrument, the 
assumption has been made that the current in the 
pressure circuit and the pressure producing it are 
displaced in phase 90 degrees, or one-quarter of a 
period. This result cannot be obtained in practice 
with the arrangement of the coils thus far described, 
for the pressure coil has some resistance and there 
must he a power component of the current in the 
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pressure circuit to take care of the hysteresis and 
eddy current losses in the iron through which the 
magnetic flux produced by the pressure current 
passes. The current in the series coil and resulting 
flux are not exactly in phase. As a result of these 
relations it is not correct to assume that the flux 
due to the pressure current shall differ from that due 
to the series current by exactly one-quarter period. 
The error resulting from such an assumption is small 
when the power factor of the load is high, but it 
increases as the value of the power factor decreases. 

One of the simplest methods of adjusting the oper- 
ation of the meter so it will indicate correctly on 
both inductive and non-inductive loads consists in 
winding the core of the voltage coil with a short- 
circuited coil whose resistance is adjustable. The 
short-circuited coil acts as the secondary of a trans- 
former, of which the regular voltage coil is the pri- 
mary. This method is used in the Westinghouse 
wattmeter shown diagrammatically in Figure 124, in 
which 8-8 represents the coils short-circuited by the 
resistance B. 

Adaptability of Induction Wattmeter, — The induc- 
tion wattmeter may be used only on alternating- 
current circuits. Their construction is, as a rule, 
more rugged than other types of instruments; they 
are capable of developing a high deflecting torque; 
they are not subject to the influence of stray magnetic 
fields to any great extent, unless the fields have the 
same frequency as the current in the meter ; they are 
not affected to any great extent due to changes in 
temperature; they have longer scales than other in- 
struments; and slight errors due to changes in fre- 
quency between certain limits. 

Polyphase Wattmeters, — Polyphase wattmeters con- 
sist of two or more wattmeter elements mounted on 
the same shaft, and arranged so that the current and 
the pressure circuit of each element may be connected 
to their respective circuits. 



CHAPTER IX 

CONSTRUCTION AND OPERATION OF WATT-HOUR METERS 

Classification of Watt-Hour Meters. — The watt- 
hour meter is an instrument which sums up all of the 
successive instantaneous values of the energy supplied 
by a source of energy through the meter to a dis- 
tributing circuit or load and registers the sum of 
these values by means of a suitable recording device. 
All the standard types of watt-hour meters in use 
in this country are a combination of a small motor 
driving a small generator, or a motor-generator set. 
The construction of the motors is such that the torque 
developed by them is proportional to the product of 
the current and the pressure, or the power, while the 
torque required to drive the generator is proportional 
to its speed. With this relation, it is obvious, that 
the speed of the combination is proportional to the 
power. The number of revolutions in a given time 
is proportional to the average power during that time, 
or the revolutions per unit time, say one minute, vary 
as the average power during that time. If the value 
of the power which must pass through the meter 
continuously for one minute, or the watt-minutes in 
order to produce one revolution of the rotating ele- 
ment is faiown, the meter may be used in measuring 
the energy supplied to a load in watt-minutes by not- 
ing the total number of revolutions of the disk and 
multiplying this value by the watt-minutes required 
per revolution, which will give the total energy. 

Commercial watt-hour meters may be divided into 
three groups according to the principle upon which 
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the motor element of the meter operates. These 
groups are: (1) Commutator Type; (2) Mercury 
Motor Type; and (S) Induction Type. 

Principle of the Commutator Type Watt-Hour 
Meters, — The commutator type watt-hour meter oper- 
ates on the same principle as the electrodynamometer 
indicating wattmeter with the modification that in- 
stead of the deflection of fhe moving element being 
opposed by coiled springs, a continuous rotation is 
obtained by connecting different coils successively 
in circuit by means of a small commutator and set 
of brushes. The moving element of such a meter is 
somewhat similar in construction to the armature 
of a direct-current motor. The load current is passed 
through coils and produces a magnetic field in which 
the armature rotates. The strength of the field varies 
with the load current and, hence, the torque, acting 
on the armature, varies directly as the load current. 
The current through the armature winding, or pres- 
sure circuit, varies with the pressure between the 
terminals of the circuit and, as a result, the torque, 
acting on the armatures, varies with the pressure. 
Since both of these effects are present at all times 
when the meter is operating, it is obvious the torque 
acting on the moving element, or armature, is propor- 
tional to the power. 

In order that the speed of the meter may vary 
with the torque acting on the armature, or the power, 
it is necessary that there be some load connected to 
the shaft upon which the armature is mounted, whose 
counter torque varies with the speed. Such a counter 
torque is provided by mounting on the armature shaft 
a disk, or cup-shaped piece of metal, which is arranged 
to revolve between the poles of several permanent 
magnets. These magnets and the disk are shown in 
the lower part of Figure 127. The production of 
this counter torque, in brief, is as follows : There is 
a constant magnetic flux produced by each of the 
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permanent magnets and, as the disk revolves in this 
coaBtant flux, there are eddy currents induced in it 
which are proportional to the speed of the disk. The 
counter torque is proportional to the product of the 
eddy currents and the magnetic flux passing through 
the dish; and, since the eddy currents are propor- 
tional to the speed, the counter torque must be pro- 
portional to the speed. The counter torque increases 
and decreases with the speed or it changes as the 
torqae acting on the armature changes. When there 
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is an increase in current in either the armature or 
the series windings, there is an increase in torque on 
the armature, and the speed increases until the coanter 
torque just balances the torque on the armature. 
With a decrease in either of the currents or both, 
there is a decrease in speed until the two torques again 
balance each other. It is thus seen, neglecting the 
friction of the moving parts, that the speed of the 
armature is proportional to the power and the meter 
should operate correctly at all loads. 

The torque, acting on the armature of the meter 
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times the time it acts, determines the number of revo- 
lutions of the armature in the given time, or 

revolutions vary as torque X time 

but the torque is proportional to the power being 
consumed by the load, or it is equal to the product of 
the power and some constant, or 

torque varies sls E XI 

Substituting this expression for torque in the first 
equation gives 

revolutions vary as i? X ^ X time 
or 

revolutions X a constant =-E? X ^ X time 

The product on the right-hand side of the above equa- 
tion represents electrical energy. Representing the 
constant by K and the revolutions by N, we may write 
the equation as follows : 

electrical energy =JSriV 

The energy transmitted to the load will produce a 
certain number of revolutions of the armature, and 
if the value of K in the last equation is known, the 
total energy can be computed by multiplying the 
revolutions by the value of K, 

The number of revolutions of the armature is trans- 
mitted through a suitable system of gearing to the 
dials mounted on the front of the meter. The point- 
ers on the different dials are interconnected by gears 
in such a way that one revolution of the pointer on 
one dial will result in the pointer on the next higher 
dial moving over one division, or one-tenth of a 
revolution. The speed of the armature is so adjusted 
in the design of the meter and by the permanent mag- 
nets that one revolution corresponds to a definite 
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amount of energy. It is customary to connect the 
armature to the dial so the meter reads direct in one 
of the energy units such as the watt-hour or kilowatt- 
hour. 

Compensation for Friction in Commutator Type 
Watt-Hour Meters, — ^A certain amount of torque is 
required to overcome the friction of the moving 
parts and, as a result, all of the torque developed in 
the armature, as described in the previous section, 
is not available for producing rotation. The friction 
in a well-designed meter is very small, yet if some 
means is not provided for overcoming it, the meter 
will not register on very light loads. 

This counter torque, due to friction, is overcome by 
what is called a compensating torque, which is devel- 
oped as follows: A coil is connected in series with 
the armature, or pressure circuit, and mounted in 
such a position that its plane is parallel to the cur- 
rent, or series coil. The direction of the current 
around this coil is the same as the load current in the 
series coils, or the magnetic effects of the compensat- 
ing and the series coils are in the same direction. 
This results in there being a torque produced on the 
armature, even though there be no current through 
the series coils ; and if the magnetic effect of the com- 
pensating coil is properly adjusted, the armature will 
start to revolve just as soon as there is any current in 
the series coils. The magnetic effect of the compen- 
sating coil on the armature is usually adjusted in 
either of two ways : first, its position with respect to 
the armature may be changed, which will increase or 
decrease the torque, depending whether the coil is 
moved toward or away from the armature ; or, second, 
the number of active turns in the compensating coil 
may be changed, its position with respect to the 
armature remaining constant. 

Examples of the first method are found in the 
General Electric and Westinghouse watt-hour meters 
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and of the second method in the Duncan and Colum- 
bia watt-hour meters. A diagram of the Duncan 
watt-hour meter is given in Figure 127, which shows 
clearly the connection of the compensating coil and 
the method of varying its magnetic effect by changing 
the number of active turns. 

Creeping of Commutator Type Watt-Hour Meters. 
— There is a current through the pressure circuit 
of a watt-hour meter all the time when the meter 
is in service. If the adjustment of the compensating 
coil is such that there is more torque acting on the 
armature, no current in the series coils, than is re- 
quired to overcome the counter torque due to friction, 
the armature of the meter will revolve, or creep, as it 
is called. In some cases the adjustment of the com- 
pensating coil may have been made under ideal condi- 
tions as to vibration ; but when the meter is installed, 
the vibration reduces the friction and, as a result, the 
meter creeps. 

Another cause of creep may be due to an excessive 
voltage acting on the pressure circuit, which increases 
the current in the armature and compensating coil 
with the result that the torque, due to the pressure 
current, is more than enough to overcome the friction 
and the moving element will rotate, even though there 
is no current in the series coils. The tendency for 
the meter to creep is frequently reduced by means 
of a small metal clip of iron attached to the edge of 
the disk, and when this clip comes under the damping 
magnets, the motion of the disk is retarded. 

Three-Wire Direct-Current Watt-Hour Commutator 
Type Meter. — In measuring the energy delivered by 
a three-wire direct-current circuit, one three-wire, or 
two two-wire watt-hour meters may be used. The 
principle of operation of the three- wire direct-current 
meter is no different than the two-wire meter, the 
only difference is in their construction. There are 
usually two series coils, one in each outside lead, and 
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the pressure circuit is connected between one outside 
lead and the neutral, or between the outside leads. 

The turning torque acting on the moving element is 
due to the combined action of the currents in the two 
coils and it is proportional to the combined power in 
the two sides of the three-wire system, assuming the 
voltage between the neutral and each of the outside 
wires is the same. 

The drop in pressure in the neutral wire of a 
three-wire system tends to increase the drop over the 
lighter-loaded side, and if the neutral current is 
greater than the current on the lighter-loaded side, 
there will be a greater voltage over the lighter load 
than at the generating end of the line. If the pres- 
sure coil of the watt-hour meter happens to be con- 
nected on the lighter-loaded side, the indication of 
the wattmeter will be too high ; while if the pressure 
circuit is connected to the other side, the indication is 
too low. In some cases the pressure circuit is con- 
nected between the outside leads, but this does not 
result in the meter indicating correctly because the 
currents on the two sides are not delivered at the 
same voltage only when the loads are balanced. 

Commutator Type Watt-Hour Meters on Alternat- 
ing-Current Circuits. — In the discussion of the elec- 
trodynamometer wattmeter it was pointed out that 
the deflecting torque was proportional to the power 
when the pressure circuit was non-inductive. Since 
the principles of operation of the commutator type 
watt-hour meter as used on direct-current circuits are 
practically the same as those of the electrodyna- 
mometer type wattmeter, the rotating torque is not 
strictly proportional to the power delivered to the 
load. A watt-hour meter with an inductive pressure 
circuit will give too high an indication on circuits in 
which the current lags the pressure and too low an 
indication in a circuit in which the current leads the 
pressure. 
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The above errors in the indication of the meter are 
adjusted by changing the series circuit in such a way 
that the phase relation of the series current and volt- 
age shall be exactly equal to the phase relation be- 
tween the armature current and the voltage on 
non-inductive load. This phase relation of the series 
current is brought about by shunting a part of the 
total load current around the series coils by means of 
a non-inductive resistance. Since there is some in- 
ductance in the series winding, the current through it 
will lag the pressure over the divided circuit, which is 
in phase with the current and is numerically equal to 
the product of the current through the non-inductive 
resistance and the value of the resistance in ohms. 

Principles of the Mercury-Motor Watt-Hour Meter. 
— The principle upon which the motor element of the 
mercury-motor watt-hour meter operates was discov- 




Flgure 128. — Principle of Mercury-Motor Meter. 

ered by Barlow almost one hundred years ago and may 
be explained by reference to the diagram shown in 
Figure 128. A disk D is mounted on a horizontal axis 
so that it may rotate freely between the poles of a 
permanent magnet M, ' Two conducting springs 8, S 
are mounted in such a way that they bear lightly on 
the outer edge of the disk and the shaft upon which 
it is mounted, respectively. If a current be sent 
through the disk in the direction indicated by the 
arrow I, there will be a torque developed due to the 
reaction between the current and the magnetic flux 
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from the permanent magnet, which will cause the disk 
to rotate in the direction of the arrow B, The direc- 
tion in which the disk will rotate for a given direction 
of current and flux may be determined by the use of 
the left-hand, or motor, rule as described in Chapter II. 
The torque acting on the disk is proportional to the 
value of the current, the field strength remaining con- 
stant; or if both the field strength and the current 
change, the torque is proportional to the product of 
the two. 

The application of this principle in the Sangamo 
direct-current watt-hour meter may be readily under- 
stood by reference to Figure 129, which shows dia- 




Figure 129. — Diagram of Sangamo Mercury-Motor Meter. 



grammatically the theoretical relation of the various 
parts. The current of electricity carried by the circuit 
in which energy is to be measured enters the contact 
Ci, passes through the comparatively high resistance 
mercury H to the disk By across the disk to the mer- 
cury H, and out at contact Cg. The magnetic field is 
produced by an electromagnet whose winding is con- 
nected across the circuit in which the energy is to be 
measured, which results in the strength of the field 
varying with the voltage. The torque developed by 
the reaction of the current in the disk upon the mag- 
netic field is proportional to the power being supplied 
to the load. By connecting such a motor to an eddy- 
current generator, or damper, which requires a driv- 
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ing torque directly proportional to the speed of 
rotation, the combination may be used as a meter. 

In the construction of these meters, a small wooden 
float is attached to the disk immersed in the mercury 
chamber, and the buoyancy of the mercury which the 
disk and float replace is a little greater than the 
weight of the complete moving element. This results 
in a slight upward pressure on the upper end of the 
armature shaft instead of on the lower end, as in the 
majority of meters. The magnetic circuit of the elec- 
tromagnet, which is placed directly beneath the mer- 
cury chamber, is improved by means of a circular ring 
of laminated sheet steel wound edgewise under heavy 
pressure and imbedded in the upper part of the 
moulded mercury chamber. The construction of the 
interior of the mercury chamber is very similar to 
that of the invertible ink-well, and as a result it is 
almost impossible to spill the mercury, no matter in 
what position the meter may be placed. The disk 
carrying the current through the mercury chamber 
is slotted so as to guide the current at right angles 
across the magnetic field of the electromagnet, thus 
rendering all of the current effective in producing 
torque. 

Compensation for Friction. — Compensation for fric- 
tion or light-load adjustment is accomplished by means 
of a thermocouple, shown at A in Figure 130. This 
thermocouple consists of two pieces of dissimilar 
metals having slotted ends and fastened under the 
screws B and C. A number of turns of fine wire are 
wound around the couple and connected in series 
with the pressure circuit of the meter. The thermo- 
couple is heated, due to the pressure current in the 
thermocouple winding, which results in a small ther- 
moelectromotive force being produced in the couple. 
This thermoelectromotive force is used in producing a 
current through the mercury chamber in the same 
direction as the load current and, as a result, there 
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will be a torque acting on the moving element even 
though there be no load current through the meter. 
The value of the thermocouple current through the 
meter element is adjusted by means of a resistance 
connected in parallel with the meter element This 
resistance conaists of the copper wire F and the resist- 
ance wire G, which are joined by the sliding connec- 
tion E, and their left-hand ends connected to the ter- 
minals of the couple. The degree of compensation is 
adjusted by moving the connection E along the wires 
F and O. If it is moved to the left, there is more 
current from the thermocouple shunted through it 
and less goes through the motor element of the meter ; 
while if it is moved to the right, less current is 
shunted and more passes through the motor element 
of the meter. Witii the first adjustment the torque 
is decreased, and with the second adjustment it is 
inereaaed. 

When the meter is connected in the negative lead, 
the action of the thermocouple will be different than 
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when it is connected in the positive lead, unless the 
connections of the thermocouple be reversed. The 
connections shown in Figure 130 are correct when 
the meter is connected in the positive side of the cir- 
cuit ; but if tiie meter is installed in the negative side 
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of the circuit, the thermocouple should be connected 
to terminals C and D instead of to B and C. 

Creeping of Mercury-Motor Watt-Hour Meters. — 
Mercury-motor meters are less subject to the effects 
of vibration than the commutator tj^e and are not so 
likely to creep due to this cause. An increase or 
decrease in pressure will, however, cause them to 
creep as it causes an increase or decrease in the effect 
of the thermocouple current. The tendency of the 
meter to creep may be reduced by attaching a small 
piece of magnetic material to the damping disk. 

Sangamo Three-Wire Mercury-Motor Meter. — The 
Sangamo three-wire meter consists of two motor ele- 



Flgore 131. — Diagram o( the Sangamo Three-Wire Mercury-Motor 

ments mounted on the same armature shaft, one ele- 
ment being placed directly above the other. The cir- 
cuits of a sangamo three-wire meter are shown in 
Figure 131. 

Sangamo Mercury-Motor Ampere-Hour Meter. — 
The ampere-hour meter is usually used in measuring 
the quantity input or output of a storage battery in 
ampere-hours. The principle upon which the san- 
gamo mercury-motor ampere-hour meter operates is 
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the same as the watt-hour meter made by the same 
company, except a strong permanent magnet is em- 
ployed in producing the magnetic flux instead of the 
electromagnet. With a permanent magnet the speed 
is proportional to the current passing through the 
meter and the dial may be made to read directly in 
ampere-hours by properly calibrating and adjusting 
the meter. The front view of a Sangamo ampere-hour 
meter with the cover removed is shown in Figure 132. 
Different dials and gears can he used with this meter 
80 that one revolution of the pointer wiU correspond 



Figure 132. — SaDgamo Ampere-Hour Meier, Cover OemoTed, 

to any desired number of ampere-hours. The meters 
are arranged so the pointer turns clockwise when the 
battery is being charged and eountcr-elocbwise on dis- 
charge. By means of a special device, called a varia- 
ble resistor, the speed of the meter in one direction 
may be made different than in the opposite direction. 
The object of this arrangement is to take care of the 
losses in the battery, and the difference in speed in 
the two directions may be adjusted by merely turning 
a screw in the bottom of the mercury chamber. The 
variable resistor consists of a rectangular piece of 
conducting metal mounted in the mercury chamber, 
with its longest dimension approximately parallel to 
the path of the load current through the chamber, 
and BO arranged that it may turn through a small 
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angle about tlie armature shaft. As the disk in the 
mercury chamber rotates, it tends to carry the mer- 
cury and piece of metal around with it, but the move- 
ment of the piece of metal is limited by stops mounted 
in the mercury chamber. When this piece of metal 
stops in one of its extreme positions, it conducts a 
greater part of the total current across the mercury 
chamber than it does when in the other extreme posi- 
tion, which results in the disk carrying a larger part 
of the total current when rotating in one direction 
than in the other, hence the meter runs faster for a 
given. total current in one direction than for the same 
current in the reverse direction. 

Mercury-Motor Wait-Hour Meter for Alternating- 
Current Circuits, — Since the pressure circuit of the 
-direct-current mercury-motor meter has such a high 
inductance, it is impossible to use the meter on alter- 
nating-current circuits. The principle of the mer- 
cury-motor meter for alternating-current measure- 
ments is as follows : The load and voltage circuits are 
interchanged, and the magnetic flux is produced by 
the load current, while the current through the disk is 
taken from the secondary of a potential transformer 
whose primary is connected across the line. Since the 
magnetization of the electromagnet is due to the load 
current, the resulting magnetic flux will be in phase 
with the load current and vary in value with it. The 
secondary circuit of the transformer, including the 
circuit through the motor element, is practically non- 
inductive and, as a result, the secondary current is in 
phase with the secondary voltage. The secondary cur- 
rent will rise and fall in value with the primary volt- 
age, as the secondary voltage is displaced in phase 
from the primary voltage by 180 degrees. When the 
load is non-inductive, the load current and the pres- 
sure are in phase and the magnetic flux through the 
disk will rise and fall with the current the disk is 
carrying. Thus, on a non-inductive load there will 
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be a torque acting on the motor element which is 
proportional to the product of the current and pres- 
sure, or EI. 

If, however, there is a phase displacement of the 
load current and pressure, the magnetic flux through 
the disk and the current the disk is carrying do not 
pass through zero and maximum values at the same 
time, and the effective torque acting on the motor ele- 
ment is decreased in the ratio of the power factor. 

The compensation for friction or light-load adjust- 
ment in this type of meter is taken care of as follows : 
A second secondary winding of few turns is placed 
around the core of the transformer and connected to 
an auxiliary winding placed about the electromagnet. 
This auxiliary winding is composed of two parts 
which are connected in parallel to the secondary wind- 
ing through a special rheostat so arranged that the 
relation of the current in the windings may be varied. 
These two windings are so connected that they pro- 
duce opposite magnetizing effects and the resultant 
effect will depend upon which effect predominates or 
the adjustment of the rheostat. 

Principle of Induction Type Watt-Hour Meters. — 
The fundamental principles upon which the induc- 
tion type watt-hour meter operates is practically the 
same as that of the induction motor, or, in general, it 
depends upon a torque being produced in a movable 
closed-circuited secondary by means of a rotating, or 
a shifting, magnetic field. The magnetic field in which 
the rotating element is placed is a combination of the 
magnetic fields produced by the load current and the 
current in the pressure circuit. As a result of the 
action of these fields, eddy currents are induced in the 
secondary which react upon the fields and produce 
the torque tending to turn the movable element. The 
torque developed is a maximum when the current in 
the pressure circuit and that in the series coils are 
displaced in phase by 90 degrees or — assuming the 
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pressure current and the pressure producing it are 
displaced in phase by 90 degrees — ^when the pressure 
over the load and the load current are in phase. The 
value of this torque is proportional to the product of 
E times I; and when the line pressure and load cur- 
rent are displaced in phase, the torque is proportional 
to EIcosO. 

The pressure winding of such meters are wound so 
as to have as high an inductance as possible, which 
results in the current being displaced in phase from 
the pressure by almost 90 degrees. The series wind- 
ings are composed of a comparatively small number of 
turns and have a very small inductance. These two 
windings are placed upon suitable magnetic circuits 
so arranged that the magnetic effect of the two com- 
bine and produce a rotating, or shifting, field in which 
the movable element is placed. The secondary ele- 
ment consists of a disk, or cup-shaped piece, of alumi- 
num, which is mounted on a shaft so it may freely 
rotate in the field and at the same time between the 
poles of several permanent magnets. These perma- 
nent magnets together with the disk provide a load 
which requires a driving torque directly proportional 
to the speed ; and, since the developed torque is pro- 
portional to the true power, the speed of the meter 
will vary directly as the power. 

It is impossible to cause the current in the pressure 
circuit to lag the pressure by exactly 90 degrees on 
account of the resistance of the winding and the iron 
losses in the iron composing the magnetic circuit about 
which the winding is placed; and, as a result, the 
magnetic flux of the pressure circuit and the load cur- 
rent are not displaced in phase with respect to each 
other by exactly 90 degrees. It is imperative that 
this displacement be 90 degrees in order that the 
meter will indicate correctly on both inductive and 
non-inductive loads, which is accomplished by intro- 
ducing a low-resistance short-circuited winding in the 
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field of the pressure circuit, or by changing the re- 
luctance of Uie pressure circuit. When this winding 
is properly adjusted, the meter indication should be 
proportional to the power regardless of the power 
factor. 

Induction meters are not free from friction and 
some compensation for friction must be provided so 
that the meter will read correctly on low loads. This 
18 accomplished by the use of closed-circuited loops, or 
secondaries, which are arranged with respect to the 
magnetic field of the pressure circuit in such a way 



Figure 133. — Front View SaoKamo Type H Watt-Oour Meter, 
Cover Kemoved. 

riguL'e 131. — Front Vipw Sangamo Type II Watt-Hour Meter, Covet, 
Damping Magneta and Register Kemoved. 

that they produce an unbalanced or unsymmetricai 
condition of the field, thus producing a slight torque 
on the moving element. This effect may be varied — 
generally by changing the position of the seconda- 
ries — and the compensation for friction properly 
adjusted. 

There are a number of different types of induction 
watt-hour meters on the market at the present time 
and, although the fundamental principle upon which 
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they operate is the same, they differ somewhat in their 
construction. 

Sangamo "Type H" Wati-Bour Meter. — The mov- 
ing element of this meter consists of an aluminum 
disk, mounted on a hard brass shaft, with two slots 
cut at diametrically opposite points. If there is any 
tendency for the meter to creep, the disk will rotate 
until one of these slots enters the field of the pressure 
or the shunt winding, where it will lock. This locking 
action is not sufficient, however, to prevent the meter 
starting and recording correctly on light loads. A 
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front view of the meter with the cover removed is 
shown in Figure 133 ; and a second front view with 
the disk, damping magnets, and recording train, or 
register, removed is shown in Figure 134, from which 
it will he seen the disk is acted upon at the back by 
the pressure and the series coils, producing rotation, 
and in front by two permanent magnets which retard 
its motion. 

The letters in Figures 133, 134, and 135 refer tc 
the following parts: 

A — tase of the meter; A, — dial; B — terminal box; C — ter- 
minal box cover; D — hanging lug; E — pressure coil; F — pres- 
sure magnet; G---seriea coila; S — magnet elamp; / — case stud; 
J — ^main grid; K — diak; Ir — full-load adjustment disk; M — 
full-load adjustment elamp screw; N — micrometer light-load 
adjustment screw ; — light-load adjustment clamp screw ; 
P — lower bearing screw; Q — lagging coil or winding; 3— 
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binding posts; 8 — sealing lug; T — sealing screw; U — type and 
number plate; V — copper vane; W — shaft on which vane is 
mounted; X — supporting bracket for vane; Y — spring; Z — 
sector for imparting motion to shaft from screw N. 

The full-load adjustment is accomplished by a soft- 
iron disk mounted on an adjustable screw so it may 
be moved nearer to or farther away from the space 
between the poles of the permanent magnets. When 
the iron disk is raised, more of the magnetic flux is 
shunted through it and less passes through the damp- 
ened disk K, thus decreasing the induced eddy cur- 
rents and hence the load on the meter. 

The flux through the magnetic circuit is made to 
lag the current in the series coils by means of what is 
called a lagging coU, which consists of a few turns of 
wire about the pressure magnetic circuit connected to 
a low adjustable resistance. By adjusting this resist- 
ance, the shunt field is brought into the proper phase 
relation with respect to the series current. 

The compensation for friction, or light-load, adjust- 
ment is accomplished by moving a copper vane V, 
Figure 135, which is located in the gap of the pres- 
sure magnetic circuit. A movement of this vane either 
way from its central position will cause a slight unbal- 
ancing of the magnetic field due to the pressure cur- 
rent, which produces a torque tending to rotate the 
moving element. This vane is carried on a shaft 
marked W, Figure 135, which may be rotated against 
the action of a coiled spring Y by means of the sector 
Z and the micrometer light-load adjusting screw N, 
The inner end of the screw N rests against the sector 
and a slight rotary movement of the screw will turn 
the shaft upon which the vane is mounted through a 
very small angle. 

Fort Wayne Electric Works ^^Type K'' Single- 
Phase Watt-Hour Meter. — This meter is manufac- 
tured at the Fort Wayne Works of the General Elec- 
^■^'c Company and is the same as the General Electric 
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"Type 1-14." A front and a rear view of the meter 
are shown in Figures 136 and 137, in which the letters 
refer to the following parts: 

A — eaat shoe eupporting magnets; B — full-load micrometer 
adjusting screw; C — magnet shoe clamping screws; D — test 
terminal; E — cover sealing screw for terminal chamber; F — 
light-load micrometer adjusting screw; G — -clamping screw for 
starting plate; H — starting plate; / — current coils; J — pres- 
sure coil; K — terminals; £— holes for mounting screws. 

The moving element of this meter consists of a 
light aluminum disk mounted on a short shaft con- 
strncted from a special alloy which comhines strength, 
lightness, freedom from corrosion, and resistance to 



Figure 136. Figure 137. 

Figure 138.— Front View Fort Wayne Type K Watt-Hour Meter. 
Cover Kemoved. 

Figure 137, — Back View Fort Wajne Type K Walt-Hour Meter. 

wear. The lower end of this shaft has inserted in it 
a hardened steel pivot which is ground and highly 
polished. This pivot rests in a cup-shaped jewel bear- 
ing, which is also very highly polished, thus reducing 
friction and wear to a minimum. The rotating and 
the retarding torques act on opposite sides of the disk. 
The full-load adjustment is accomplished by mov- 
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ing the permanent magnets toward or away from the 
center of the disk. The movement of these magnets 
is controlled by the full-load micrometer adjusting 
screw B. This screw passes through the shoe support- 
ing the magnets and into the meter base. The part 
of this screw entering the meter base is threaded left 
hand and the part in the magnet shoe is threaded 
right hand. If this screw be turned counter-clockwise, 
the magnets are moved toward the center of the disk 
and the speed increases ; and if it be turned clockwise, 
the magnets are moved toward the edge of the disk 
and the speed decreases. 

The compensation for friction, or light-load, adjust- 
ment is accomplished by moving a rectangular metal 
punching, represented by H in Figure 137, which is 
placed over the cores of the series winding between 
the windings and the disk. The position of this 
punching may be moved by the light-load micrometer 
adjusting screw F and the desired compensation ob- 
tained. There is a second punching of copper 
attached to the punching JT, or starting plate as it is 
called, which may be moved with respect to the punch- 
ing H, Inductive load adjustment, or the lagging of 
the meter, is obtained by moving the copper punching 
with respect to the starting plate H. Two holes are 
cut in the disk which prevent creeping due to fluctua- 
tions in voltage or vibration. 

Polyphase Induction Watt-Hour Meters. — ^Poly- 
phase induction watt-hour meters consist of two or 
more motor elements mounted on a common shaft and 
driving one or more eddy-current generators. The 
electrical and the magnetic circuits of the different 
elements should be independent of each other within 
the meter. The operation of the motor elements 
should be such that their combined torque for a given 
power will be the same on both balanced and unbal- 
anced loads. A polyphase induction watt-hour meter 
with the cover removed is shown in Figure 138. 
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Torque-Weight Ratio. — In speaking of the torque 
of a meter aa generally applied, one means the turning 
moment of the force acting on the moving element 
tending to make it turn. The value of this torque is 
usually expressed in terms of millimeter-grams, and 
a torque of 5 millimeter grams is equal to a force of 
one gram acting upon a lever arm 5 millimeters long. 
It is always desirable that a watt-hour meter have a 
reasonably high torque in order that its accuracy on 
light loads may not be influenced to any great extent 



Sigare 138— Polyphase laducUon Watt-Hour Meter, 

by an increase in the friction of the bearings or of the 
commutator and the brushes. It is not so much the 
torque which counts in the end as it is the ratio of the 
torque to the weight of the moving element on the 
bearings. For example, one wattmeter might have a 
higher torque than another, but if the weight of its 
moving element on the bearings was greater than the 
first, its ratio of torque to bearing weight might be 
less, and the effective torqtie available for overcoming 
any friction in the meter would be less as the friction 
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bears a definite relation to the bearing weight of the 
moving element. 

The weight of the moving element in most induction 
watt-hour meters is much less than in direct-current 
meters, and as a result there is less wear on the jewel 
bearings and less driving torque is necessary. 

Meter Humming. — ^A peculiar sound is often heard 
in alternating-current meters, which is called hum^ 
ming and it is very frequently mistaken by the inex- 
perienced for the actual operation of the meter, when 
no energy is being used. This humming sound is caused 
by a vibration of the moving element of the meter in 
synchronism with the current in the windings, or it 
may be due to a vibration of loose laminations or 
operating parts, but should not be mistaken as an 
indication that the moving element is revolving. 

Meter Capacities, — Direct-current watt-hour meters 
are usually constructed to carry the total current in 
the line except in a few cases when shunts are used. 
The resistance of the current circuit of the majority 
of direct-current meters is such that it would require 
too high a resistance shunt in the line in order to 
produce the necessary drop to operate the meter. 
The Columbia Meter Company and the Sangamo Elec- 
tric Company manufacture meters which may be used 
with shunts very successfully. In the case of alter- 
nating-current meters they are usually self-contained 
for capacity up to about 150 amperes and 650 volts ; 
while for higher currents and voltages, transformers 
are used in combination with 5-ampere 115-volt 
meters. The use of these transformers permits the 
safe handling of meters in service as the attendant is 
not exposed to contact with high voltages. 

Prepayment Watt-Hour Meter. — The operation of 
the prepayment watt-hour meter proper is the same 
as that of the ordinary watt-hour meters. It is in 
reality a direct- or alternating-current watt-hour 
meter to which has been attached a special device 
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which will automatically close the electrical circuit, 
when a coin is inserted and the knob turned, and 
keeps the circuit closed until the energy which the 
coin deposited will purchase has been used, when the 
circuit is autoiuatieally opened. The interior of a 
prepayment meter manufactured by the Fort Wayne 
Electric Works is shown in Figure 139, and the cir- 
cuit closing switch is clearly shown at the top of the 



Plgnre 139. — Prepflyment Meter, Co^er RemoTed. 

figure. This form of meter affords many advantages 
and is readily adapted to many different conditions. 
The most common applications of the meter are found 
where the customer's credit has been found bad; 
where the customer is chronically complaining about 
his bill; where the customer is not financially able 
to make the required deposit; where the customer is 
emplojing electric signs for advertising purposes or 
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operating an automobile charging station. In addi- 
tion to this, many customers who do not come under 
the above classifications prefer to pay for things **a 
little at a time'' and make no exception to their elec- 
tric light bill. For all of these conditions, the pre- 
payment meter affords the ideal medium whereby the 
bad credit customer may be again supplied with cur- 
rent without fear that the bill will not be paid. The 
fault finder pays for the current so gradually that he 
no longer imagines the amount as excessive and the 
complaints are reduced. Customers employing elec- 
tric signs for advertising may wish to spend a certain 
amount in such form of advertising. This can be done 
by depositing at any time such amount as the cus- 
tomer desires to put into the advertising. After the 
lights are started, the meter will automatically switch 
off the lights when energy to the amount deposited 
has been used. This will enable the customer to keep 
an accurate account of the expense of advertising. 

Other advantages that appeal to those selling cur- 
rent are the elimination of bad accounts and the 
saving in postage, collectors' fees, bookkeeping, etc. 
These and many other uses of the meter wUl readily 
be appreciated. 



CHAPTER X 

METHODS OP DISTRIBUTING ENERGY, AND THE MEASURE- 
MENT OP POWER AND ENERGY 

General Classification of Systems. — Electrical en- 
ergy is distributed by means of either direct or alter- 
nating current. Alternating current may be distrib- 
uted single-phase, two-phase, or three-phase, and when 
more than a single phase is used, it is called polyphase 
distribution. When the distribution is at a practically 
constant potential and variable current, it is called a 
constant-potential system; and when the current re- 
mains practically constant and the voltage acting on 
the circuit changes with the load, it is called a con- 
stant-current system. The constant-potential systems 
are in more general use than the constant-current 
systems. The best example of the constant-current 
system is found in the series arc lighting circuits, 
which may be either direct or alternating. 

Direct current and single-phase alternating current 
are distributed in either two-wire or three-wire sys- 
tems. The two-wire system may be a constant-current 
or a constant-potential system. A three-wire system 
has an additional wire to that used in the constant 
potential two-wire system, and the potential of this 
third wire is intermediate between the two outside 
wires. The advantages of the three-wire system lie in 
its saving in copper in the distribution of a given 
amount of energy, and its flexibility in that current 
may be obtained from such a system at two voltages 
and in some cases — when the voltage between the neu- 
tral and outside wires is not the same — ^three voltages. 
The actual copper required in a three-wire 220- and 
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110-volt system to transmit a given power with the 
same loss is only three-eighths as much as is required 
in a two-wire 110-volt system. In the three-wire sys- 
tem as used for power and lighting, it is the aim of 
the company supplying energy to keep the voltage 
between the neutral and each outside wire the same, 
and such a system is said to be balanced when these 
voltages are the same and each outside wire is carry- 
ing the same current. When the system is balanced, 
there is no current in the neutral wire and the only 
loss is that in the two outside wires. 

Polyphase alternating-current systems have their 
various phases interconnected in such a way as to 
usually require only three or four wires. The methods 
usually employed in measuring the power and energy 
by wattmeters and watt-hour meters, respectively, are 
given in the following sections. 

Power and Energy in Two-Wire Direct- and Alter- 
nating-Current Circuits, — The power in any two-wire 
direct-current circuit is equal to the product of the 
current in the circuit and the pressure between the 
terminals of the circuit, or 

P=EI 

in which P is the power in watts; ^ is the pressure 
between the terminals of the circuit in volts; and / is 
the current in the circuit in amperes. 

The power in any two-wire alternating-current cir- 
cuit, in which the current and the pressure are in 
phase, is equal to the product of the effective pressure 
between the terminals of the circuit in volts and the 
effective current in the circuit in amperes. The same 
formula is used in calculating the power as for a 
direct-current circuit. 

The power in any two-wire alternating-current cir- 
cuit, in which the current and the pressure are not in 
phase, is not equal to the product of the effective value 
of the pressure between the terminals of the circuit 
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and the effective current in the circuit; but this 
product must be multiplied by a factor called the 
power factor, which is equal to the cosine of the angle 
6 between the current and the pressure, in order to 
get the true power, or 

P = ^7cos^ 

in which P is the true power in watts ; E is the effect- 
ive pressure in volts; 7 is the effective current in 
amperes ; and cos 6 is the power factor. In an alter- 
nating-current circuit, the product of the effective 
pressure and the effective current is called the apparent 
power, which will be equal to the true power when 
the value of the cos 6 is unity or the pressure and 
current are in phase. 

The power in a two-wire direct- or alternating-cur- 
rent system may be measured by a wattmeter having 
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Figure 140. — Watt-Hour Meter Having Single Current Coil Connected 
in Ungrounded Side of a Two- Wire Circuit. 

its current coil connected in series with one side of 
the circuit and its pressure coil connected across the 
circuit. The pressure circuit should be connected so 
the current through it passes through the current coil. 
The connections of a watt-hour meter with a single- 
current coil is shown in Figure 140. If either side of 
the circuit is grounded, the current coil should be con- 
nected in the ungrounded side. When the current coil 
is connected in the grounded side of the meter, a second 
ground may occur on the load side of the meter with- 
out interfering with the service, and, as a result, only 
part of the current would flow through the current 
coil of the meter and the meter would record only 
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part of the energy expended in the circuit. Both 
sides of the line may be connected through separate 
current coils in the meter, as Tshown in Figure 141, 
when neither side of the circuit is grounded. 
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Figure 141. — ^Watt-Hour Meter Having Two Separate Current Coll 
Connected in Opposite Sides ot a Two-Wire Circuit. 

Power and Energy in Three-Wire Direct-Current 
and Sin^gle-Phase Alternating-Current Circuits. — ^Any 
three-wire direct-current or single-phase alternating- 
current circuit may be thought of as being composed 
of two two-wire circuits, and the total power and 
energy may be measured by means of two wattmeters 
or watt-hour meters, one being connected in each cir- 
cuit. The current coil of one of the meters should be 
connected in one of the outside wires and the current 
coil of the other meter in the remaining outside wire. 




Figure 142.- 



-Two Watt-Hour Meters Connected in the Outside Leads 
of a Three-Wire Circuit. 



The pressure coils of the two meters should be con- 
nected from the outside wire, in which their current 
coils are connected, to the neutral wire, as shown in 
Figure 142. When wattmeters are used, the pressure 
coil should be connected on the load side of the cur- 
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rent coil. The total power, or energy, will be equal 
to the sum of the wattmeter or watt-hour meter read- 
ings, as the ease may be. 

Since the pressure between the neutral and each of 
the outside wir^ is practically the same in the ordi- 
nary three-wire system, a single watt-hour meter with 
two current coils, which act upon a single pressure 
coil, may be used in measuring the energy delivered 
to the loads. The pressure circuit may be connected 
between the neutral and one outside wire or it may 
be connected between the two outside wires. The first 
method is not quite so accurate as the second method, 
but it is the one generally used in direct-current 
meters ; while the second method is employed in alter- 
nating-current meters, as the losses in their pressure 
circuits are much smaller' than in direct-current 
meters. The connections of a three-wire watt-hour 
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Watt-Hour Meter CoDDected in Meter Connectefl In fine PhaM 
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meter are given in Figure 143, in which the pressure 
circuit is connected between the neutral and one 
outside wire. 

Power and Energy in a Two-Phase Four-Wire Sys- 
tem. — A two-phase four-wire system is in reality 
nothing more than two single-phase two-wire systems, 
which may or may not be entirely independent. The 
power or energy may be measured by means of two 
wattmeters, or watt-hour meters, one connected in 
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each of Hie two phases as in the case of a single-phase 
system. 

A two-phase four-wire system in which the two 
phases are entirely independent of each other is 
shown in Figure 144, and a single-phase watt-hour 
meter is shown connected in one of the phases. 

An interconnected two-phase four-wire system is 
shown in Figure 145, in which the center points of 
the two sources of electromotive force are connected 
together. In this case the electromotive force between 




Figure 145. — Two Watt-Houp Meters Connected in a Two-Phase Four- 
Wire Interconnected System. 



the junction of the two phases and any one of the out- 
side terminals, assuming the electromotive force in 
each phase is the same, will be equal to one-half the 
electromotive force per phase. The pressure between 
any two adjacent terminals will be proportional to 
the diagonal of a right-angle triangle, each side of 
which is proportional to one-half the electromotive 
force per phase, or 
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in which E' represents the electromotive force between 
adjacent terminals. 

The power or energy in such a system, when the 
loads are balanced, may be determined by multiplying 
the reading of a single wattmeter or watt-hour meter, 
connected in either of the phases, by two. When the 
loads are unbalanced, two wattmeters or watt-hour 
meters will be required. 

Power and Energy in Two-Phase Three-Wire Sys- 
tem. — ^A two-phase source of electrical energy may 
have one terminal of each of the two phases connected 
to a common conductor which serves for both phases 
and only three wires will be required, as shown in 
Figure 146, The voltage between the outside wires 




Figure 146. — Two-Phase Watt-Hour Meter Connected in a Two- 
Phase Three-Wire System. 

in such a system will be proportional to the diagonal 
of a right-angle triangle whose sides are proportional 
to the electromotive force of the two phases. When 
the electromotive force of each of the phases is the 
same, the voltage between the outside wires E^ is 
given by the following equation : 



E' = yJW -f E^ 

= y/2E 
= 1.414 JE; 

The current in the common wire of a two-phase 
three-wire system is equal to the vector sum of the 
currents in the two outside wires, which are displaced 
in phase by 90 degrees. When the two outside cur- 



228 



elex:;tbical. mfjisurements 



rents are equal, the value of the current 7n in the 
common wire is given by the following equation: 

= 1.414/ 

in which In is the neutral current and 7 the outside 
currents. The power or energy in such a system, 
when the loads are balanced, may be determined by 
multiplying the reading of a single wattmeter or watt- 
hour meter, connected in either of the phases, by two. 
On an unbalanced load two wattmeters or watt-hour 
meters will be required and the siun of their readings 




Figure 147. — Three Single-Phase Watt-Hour Meters Connected in a 

Three-Phase Pour-Wire System. 

will be an indication of the total power or energy as 
the case may be. The connections of a single watt- 
hour meter for measuring the energy in a two-phase 
three-wire system are given in Figure 146. A watt- 
hour meter for this purpose really consists of two 
single-phase watt-hour meters constructed on a com- 
mon shaft and operating a single registering device. 
Three-Phase Connections. — In a three-phase sys- 
tem of distribution, there are three electrical pressures 
differing in phase by 120 electrical degrees, and the 
same phase relation exists between the three currents 
when the system is perfectly balanced. A three-phase 
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system may be operated as three independent phases 
by using six wires, two to each phase ; but it is cus- 
tomary to interconnect the diflferent phases and use 
only three or four wires— depending upon the system 
— ^which results in quite a saving in the amount of 
copper required to transmit a given total power with 
a certain allowable loss. The three phases may be 
interconnected in either of two ways which are called 
the star and delta connections. 

In the star connection, one terminal of each of the 
three phases is connected to a common point and the 
three remaining terminals are connected to the line 
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Figure 148. — Three Single-Phase Watt-Hour Meters Connected in a 

Three-Phase Three-Wire System. 

wires, as shown at the left in Figure 149, forming 
what is called a three-wire three-phase star connection. 
In some cases a fourth wire is run from the junction 
of the three phases, as shown at the left in Figure 147, 
forming what is called a four-wire three-phase star 
connection. 

In the delta connection, the three diflferent phases 
are interconnected, as shown in Figures 148 and 150, 
and the three junctions connected to the three lines. 
This is known as the three-wire delta connection. 

Power and Energy in a Balanced Three-Phase Four- 
Wire Sysiem. — The power or energy in a three-phase 
four-wire system, when the loads are perfectly bal- 
anced, may be determined by multiplying the reading 
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of a wattmeter or single-phase watt-hour meter, whose 
current coil is connected in one of the main wires and 
whose pressure coil is connected from that wire to the 
fourth or common wire, by three. When the load is 
unbalanced, three meters will be required, as indicated 
in Figure 147. 




Figure 149. — ^Two Single-Phase Watt-Hour Meters Connected in a 

Three-Phase Three-Wire System. 




Figure 150. — Two Single-Phase Watt-Hour Meters Connected in a 
Three-Wire Three-Phase System with Instrument Transformers. 

Power in Balanced Three-Phase Three-Wire Sys- 
tems, — ^Prom an inspection of Figure 147, it is evident 
that the electrical pressure between any two of the 
phase wires is not equal to the electrical pressure gen- 
erated in the diflferent phases at the source of supply, 
but it is equal to the vector diflference of the electrical 
pressure generated in the two phase windings across 
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which the connections are made. When such a system is 
electrically balanced, the electrical pressure between 

any two of the phase wires is equal to the V3 times 
the electrical pressure generated in each of the phase 
windings- Representing the phase pressure by E and 
the pressure in the phase winding by e, we may write 
the following equations: 

E = ^/Ze 
or 

_ E 

The current in the different phase wires is numeric- 
ally equal to the current in the phase windings to 
which the different wires are connected, for a star 
connection. Representing the current in the phase 
wire by / and the current in the corresponding phase 
winding by i, we may write the following equation : 

I = i 

The true power in any one of the phase windings is 
given by the following equation: 

p = eieosO 

in which p is the true power in watts; e is the elec- 
trical pressure in each phase winding ; i is the current 
in each phase winding ; and cos is the power factor 
of the particular phase being considered. Substitut- 
ing the values of e and i as given in the first equations, 
we have 

E 

V3 

In a balanced three-phase star-connected system, 
the total power is equal to three times the power in 
any one of the phase windings, or 
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P=3-7=7cos^ 
yd 

= y/SEIeoHe 
= 1.73J?/costf 

in which E is the electrical pressure between the phase 
wires ; I is the current in the phase wires; cos is the 
power factor of any phase, as they are all the same if 
the system is balanced as assumed. 

From an inspection of Pi^re 148, it is evident that 
the current in any phase wire is not equal to the 
current in any one of the phase windings at the source 
of supply, but it is equal to the vector difference of the 
currents in the two phase windings to which the phase 
wire is connected. When the system is balanced, the 
current in any one of the phase wires is equal to the 

V3 times the current in the phase windings, or 

7=V3t 
or 

The electrical pressure between any two phase 
wires is numerically equal to the pressure in the phase 
winding to whose terminals the phase wires are 
directly connected, or 

E=e 

The true power in any one of the phase windings is 
given by the following expression: 

p = eieosO 

in which the letters represent the same quantities as 
in the previous case, or star connection. Substituting 
the same quantities as given above for the star con- 
nections, we have 

1 

P=E—=eoBe 

V3 
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In a balanced three-phase delta connected system, 
the total power is equal to three times the power in 
any one of the phase windings, or 

P=3X-;|/costf 

= 1.73EIQOS0 

which is exactly the same equation as used in calcu- 
lating the total power in a balanced three-phase star- 
connected system. It must be understood that these 
equations for the total power hold only for balanced 
loads. 

Measurtag Power and Energy m an Unbalanced 
Three-Phase Four-Wire System, — The total power or 
energy in a balanced three-phase four-wire system 
may be determined by measuring the power or energy 
in any one of the three phases by means of a single 
wattmeter or watt-hour meter, and then multiplying 
this reading by three. When the system is unbalanced, 
this method will not work and it is then necessary to 
measure the power or energy in each of the three 
phases by means of three wattmeters or watt-hour 
meters, with the current coil of one meter connected in 
each of the phase wires and their pressure coils be- 
tween the phase wire in which the current coils are 
connected and the neutral, as shown in Figure 147, the 
total power or energy being equal to the combined 
indication of the three meters. 

Measuring Power and Energy in a Three-Phase 
Three-Wire System. — The power or energy in a three- 
phase three-wire delta- or star-connected system may 
be measured by three wattmeters or watt-hour meters, 
by establishing an artificial neutral point, as shown in 
Figure 148. This neutral point is established by 
means of what is called a Y box, which consists of 
three equal non-inductive resistances with one ter- 
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minal of each of them connected together, which will 
form the neutral point when the remaining ends of 
the resistances are connected to the three-phase wires. 
The impedance of the pressure coils of the meters 
connected to the neutral point should not be too large 
in comparison to the value of the resistance of the 
three coils forming the Y box, as the pressure between 
the neutral point and the different phase wires is 
likely to be disturbed if such is the case. 

The Y box may be dispensed with when three meters 
are available having pressure circuits of the same 
impedance, by merely joining the three ends of the 
pressure circuits which would be normally connected 
to the neutral of the Y box. This method of estab- 
lishing a neutral is subject to error when the higher 
harmonics are present and the voltage between the 
neutral point and the phase wires may be increased 
to a value greater than .707 E. If the meters used 
are not affected by the change in wave form due to 
the higher harmonics, the three meters will indicate 
the total true power on balanced or unbalanced loads 
even if the pressure is increased, as there is a pro- 
portionate decrease in the value of the power factor. 

The power or energy in a three-phase three-wire 
star- or delta-connected system may be measured by 
means of two wattmeters or watt-hour meters, the 
current coil of one of the meters being connected in 
one of the phase wires, and the current coil of the 
other meter in one of the remaining phase wires, and 
the pressure circuits of each meter being connected 
between the phase wire in which its current coil is 
connected and the remaining or third wire, as shown 
in Figure 149. When such a connection is properly 
made, the algebraic sum of the two meter readings 
will give the total power or energy, as the case may 
be, independent of whether the load be balanced or 
not, or of the power factor. In dealing with such a 
system, the middle wire might be thought of as a 
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common return for the two outside wires, as shown in 
Figure 149, in which case the current returning to 
the source is equal to the algebraic sum of the cur- 
rents in the two outside wires flowing from the source 
toward the load. Now, if the middle wire be thought 
of as composed of two conductors in parallel, one 
returning the current flowing out in the upper wire 
and the other returning the current flowing out in 
the lower wire, the system is equivalent to a two-phase 
system and two wattmeters will read the total 
power. 

If the current in the system should lag the pressure 
by more than 60 degrees or the power factor becomes 
less than .5, the torque acting on one of the meter 
elements will be in the opposite direction to what it 
was when the power factor was greater than .5, and 
the total power or energy is then equal to the differ- 
ence in the readings of the two meters. 

Three-phase watt-hour meters are usually made 
with two separate motor elements mounted on the 
same shaft, and the combination automatically records 
the total amount of energy. When the power factor 
becomes less than .5, the torque developed in the 
motor element of one meter tends to produce rotation 
in the opposite direction to that produced in the other 
motor element; and the effective torque is equal to 
the difference of the two, or it is proportional to the 
total true power. 

When two wattmeters are connected in a three-phase 
system for measuring the total power, one of them 
will read backward if the power factor becomes less 
than .5, and the current or pressure coil connections 
must be reversed in order that the needle be deflected 
in the proper direction over the scale. If the con- 
nections of one meter be reversed, in order that it 
read correctly as just explained, the total true power 
is equal to the difference in the two meter readings. 

Very frequently the power factor of a system is not 
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known and, as a result, there may be some doubt as 
to whether the sum or the difference of the two watt- 
meter readings should be taken as the total true 
power, in which case the following simple test may 
serve in determining whether the sum or difference 
of the readings should be used. First, connect the 
two meters so their moving elements are deflected in 
the proper direction; then change the connection of 
the pressure circuit of each wattmeter in turn from 
the third phase wire to the phase wire in which the 
series coil of the other wattmeter is connected and. 
note the direction in which the moving-system of 
each meter is deflected. If the moving-system of each 
of the meters is deflected in the same direction after 
the change in the pressure connections as before, the 
sum of the meter readings should be taken as the total 
true power; while, if l£e deflection of one meter is 
reversed when the connections are changed, the dif- 
ference in the two meter readings should be taken 
as the total true power. 

The proper method of connecting the pressure cir- 
cuits of a three-phase watt-hour meter are explained 
in Chapter XII. 

Transformers for Wattmeters and Watt-Hour Me- 
ters. — It is customary to use transformers in combina- 
tion with wattmeters and watt-hour meters when the 
value of the current exceeds the capacity of the 
ordinary meters or when the voltage becomes excessive. 
The use of these transformers increases the flexibility 
of the system and should always be used on high- 
voltage circuits even, if the current is not excessive, 
for the purpose of insulation. Care should always 
be exercised in connecting the transformers to make 
sure that the secondary current delivered to the 
meters is in the same direction as if the meter wind- 
ings were connected directly to the live wires. The 
connections of two • current transformers and two 
potential transformers in combination with two watt- 
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meters or watt-hour meters for measuring the power 
in a three-phase system are given in Figure 150. 

If three meters are used, three currents and three 
potential transformers will be required. The pri- 
maries of the potential transformers must be con- 
nected star in order that the pressure acting on each 
be the same as the pressure that would act on the 
pressure circuit of the wattmeters if connected di- 
rectly to the circuit. If the secondaries are connected 
star, the neutral of the primary star connection must 
be connected to the neutral of the source, either by 
a conductor or by grounding, in order to maintain a 
balance. When the secondaries are connected delta, 
it is not necessary to connect the neutral of the 
primary star to the neutral of the source, because 
the closed delta formed by the secondaries maintains 
the balance. 

Power Factor in a Three-Phase System. — The power 
factor of a balanced three-phase system is defined as 
the power factor of each of the phases. The value 
of this power factor for a balanced system can be 
determined by the following equation: 

_p p 

tangent ^ = V 3 ^ ^^ 

in which P^ and Pg represent the readings of two 
wattmeters connected so as to measure the total power. 
Pi represents the larger reading and P2 represents the 
smaller reading which may be either positive or nega- 
tive as previously described. These values substi- 
tuted in the above equation gives the value of the tan- 
gent and the angle 6 can then be determined by 
reference to a table of trigonometric functions and 
also the cosine, which is the power factor. 



CHAPTER XI 

CALIBRATION OP GALVANOMETERS, AMMETERS, VOLT- 
METERS, AND WATTMETERS 

Primary Standards. — ^In the accurate measurement 
of resistance, current, and pressure, use is made of 
what are called primary standards of resistance and 
electrom/>tive force. These primary standards should 
always be carefully calibrated by some reliable test- 
ing laboratory at the time of purchase, and then 
re-checked from time to time in order to detect any 
change in their accuracy, if such a change should 
occur. 

The recognized authority for electrical standards 
in this country is the Bureau of Standards of the 
Department of Commerce and Labor at Washington, 
D. C, where a set of standards is carefully preserved. 
Other laboratories located in various parts of the 
country maintain standards which they keep in 
agreement with those maintained at the Bureau of 
Standards. 

The standards of resistance and electromotive force 
are used in combination with a potentiometer in 
checking other resistances and electromotive forces 
and measuring current. A number of resistances of 
different values and different current capacities should 
be provided so that currents and resistances covering 
a wide range may be measured. 

The standard of electromotive force usually selected 
is the Weston cell, on account of its negligible tem- 
perature coefficient, its high degree of accuracy, and 
its permanence in calibration. It is customary to have 
two standard cells : one to be used as a regular work- 
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ing standard, and the other to be carefully preserved 
and used only in checking the working standard. 

Secondary Standards. — While the results obtained 
by the use of the potentiometer are considered the 
most accurate for direct-current calibration, yet the 
process is rather alow and for this reason it is custo- 
mary to provide instruments having a greater pre- 
cision than the ordinary types which may be used in 
checking the working instruments. These instruments 
are called secondary standards and they should be 
checked at intervals, depending on the amount they 
are used, by means of the potentiometer. Two stand- 



Figure 151. — Staudard DUect-Current Voltmeter. 

ard direct-current instruments are shown in Figures 
151 and 152. These secondary standards are usually 
provided with special scales and several multipliers 
and shunts, so that a full-scale deflection may be pro- 
duced by different pressure in the case of the volt- 
meters and different currents in the case of ammeters. 

The secondary standards for alternating-current 
measurements are generally of those types which oper- 
ate on the electrodynamometer or Kelvin balance prin- 
ciples. "When such secondary standards are used, 
they may be checked by means of the primary stand- 
ards for direct current and then used in checking and 
calibrating the portable alternating-current instru- 
ments. 

Since the power in an alternating-current circuit 
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is equal to the product of the current and the pressure 
only when they are in phase, it is impossible to cali- 
brate a wattmeter when connected in an altcmatiBg- 
current circuit by means of an ammeter and a volt- 
meter unless the power factor of the circuit is unity. 
For this reason it is customary to provide a standard 
wattmeter of the electrodynamometer or balance type 



Figure 152. — SUndacd Dlcect-Curreut Ammeter and Voltmeter. 

vrhieh may be calibrated by direct current and then 
used in the alternating-current circuit. 

Fundamental Principles of the Potentiometer. — The 
potentiometer, in brief, is a special arrangement for 

measuring an electrical pressure by comparing it with 
the electromotive force of a standard cell. The opera- 
tion of the potentiometer may be explained by means 
of the simplified diagrammatic drawing given in 
Figure 153. Assuming there is a constant pressure 
to be measured and that it is connected between the 
terminals A -j- and A — , which are connected by a 
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known resistance, say a slide wire of uniform cross- 
section. A second circuit, composed of a sensitive 
galvanometer O, a standard cell /SO, a high resistance 
H, and a contact key K, is connected across a portion 
of the resistance between the points -4.+ and A — , 
with the positive terminal of the standard cell toward 
-4.+ and the negative terminal toward A — . The 
points of connections of this second circuit are so 
arranged that these may be moved along the main 
circuit and the portion of the main circuit between 
them varied. There will be a current produced in 
the slide-wire by the pressure between A + and A — , 
and, as a result, there will be a uniform drop in 
pressure for each unit length along the wire. Now, 
when the connections of the secondary circuit are so 
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Figure 153. — Fundamental Principle of the Potentiometer. 

adjusted that there is no deflection of the galva- 
nometer when the key K is closed, the electromotive 
force of the standard cell and the drops along the 
slide-wire between the points C and D, just balance 
each other. If the relation of the resistance or length 
of the section of the slide-wire C — D to the resistance 
or length of the entire wire is known, the total 
pressure between A-}- and A — may be calculated. 
The object of the high resistance H is to protect 
the galvanometer and standard cell when first trying 
for a balance, and it may be taken out of circuit when 
making a final or exact balance. The minimum elec- 
trical pressure it is possible to measure by the above 
procedure is one equal to the electromotive force of 
the standard cell. When pressures lower than this 



£42 ELECTRICAI, UKASUREMENTS 

are to be measured, the operation is as follows: First, 
connect a steady source of electromotive force to the 
points A + and A — and measare its value by means 
of the standard cell as just described. Now substitute 
the pressure to be measured in place of the standard 
cell, observing the polarity, and obtain a second bal- 
ance by adjusting the contacts C and D. The value 
of this pressure can now be computed in terms of that 
between the points A-\- and A — , which should be 
checked again to see that it has remained constant. 

Ordinary resistance boxes may be used instead of 
the slide-wire as shown in Figure 153, but commercial 



Figure 154. — Leeds aod Northru 

forms of the potentiometer are on the market with all 
the resistances, keys, etc., contained in a single case. 
Leeds and Northrup Potentiometer. — A standard 
type of potentiometer in quite general use at the 
present time is shown in Figure 154, and a diagram 
of its electrical connections is given in Figure 155. 
The main circuit of the instrument consists of fifteen 
five-ohm coils, adjusted to equality, to a high degree 
of accuracy, connected in series between the points 
A and D and having in series with them an extended 
wire DB, the resistance of which from to 1,000 on 
its scale (the entire scale reading from to 1,100), is 
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also five ohms. A contact point M is arranged so that 
it can make contact between any two of the five-ohm 
coils; and a contact point M' is arranged so that it 
can make contact at any point on the extended wire 
DB. Current from the battery W flows through these 
resistances and, by means of the regulating rheostat 
R, it is so adjusted to be exactly one-fiftieth of an 
ampere. The drop in potential across any one of the 
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Figure 155. — Diagram of Potentiometer Connections. 

coils between the points A and D is consequently one- 
tenth of a volt and that across the extended wire is .11 
volt. By placing the contact point M' at zero and by 
moving the contact M, the electrical pressure between 
the points M and M' may be varied by steps of one- 
tenth of a volt, from up to 1.5 volts. The extended 
wire DB is divided into 1,100 equal parts. By mov- 
ing the contact point M' from to 1,100, the electrical 
pressure between the points M and M' may be varied 
by infinitely small fractions of a volt. To make use 
of this variable electrical pressure in making measure- 
ments, an unknown electrical pressure is introduced 
in series with a galvanometer between the points M 
and M^ and in opposition to the drop in potential 
along the circuit from A to B. The contact points 
M and M' are then adjusted until the galvanometer 
indicates that there is no current through it, when 
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the value of the unknown electrical pressure can be 
read from the position of the points M and M\ In 
the diagram, the connections show the unknown elec- 
trical pressure introduced at the binding posts marked 
B.M.F., the galvanometer at the posts marked Qa, 
and in series with these, three keys marked -Bi, R2, and 
Rq. When the key Bj is depressed, the circuit is 
closed through a high resistance; when Bj is closed, 
the circuit is closed through a low resistance; and 
when key -Bo is closed, the circuit is closed through 
zero resistance. The purpose of keys B^ and Bg is to 
protect the standard cell and the galvanometer in first 
trying for a balance. 

At the point .5 on the series of resistances JL to 1>, 
a lead wire is permanently attached which leads to 
one point of the double-throw switch marked 17. 
Between the points A and there is a series of 19 
resistances with a sliding contact T. The resistance 
between the points A and the one marked .05 is 
exactly that which corresponds to an electrical pres- 
sure of one volt ; and that between A and the point 
marked 1.0185 is a sufScient addition to make the 
resistance between the points .5 and 1.0185 corre- 
spond to a pressure of 1.0185 volts. Between the 
point marked 1.0185 and the end of the series of 
resistances there are 19 coUs, which increase the 
corresponding electrical pressure by steps of ,0001 
to 1.0204 volts. This range corresponds with the 
variation in the different cadmium cells and the cir- 
cuits are so connected that the two points T and .5 
may be connected in series with the galvanometer and 
the keys Bj, Bj and Bo- In this circuit are also the 
two binding posts marked STD cell, to which the 
standard cell is to be connected. To adjust the cur- 
rent to one-fiftieth of an ampere, throw the double- 
throw switch TJ to the upper position, as indicated by 
the dotted lines in the figure. Set the point T to cor- 
respond with the electromotive force of the standard 
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cell and regulate the rheostat B until there is no 
deflection of the galvanometer when the keys R^^, R2, 
and jBo are closed, in the order given. The unknown 
pressure may then be measured as before with the 
contact points M and 3f' , the double-throw switch U 
having been placed in the lower position, as indi- 
cated by the full lines in the figure. After a balance 
has been obtained, the current in the main part of 
the potentiometer may be checked by simply changing 
the position of the switch U and closing the key Bq, 
A galvanometer balance shows that no change in cur- 
rent has occurred. A slight deflection calls for a 
slight readjustment of B and a corresponding read- 
justment of the point M\ 

The resistance 8 is of such a value that when it 
shunts the circuit OjB, the total resistance between 
the points and B is one-tenth of the same unshunted. 
When the shunt is applied, provided the total current 
remains the same, the drop in potential between any 
two points on AB will be exactly one-tenth its pre- 
vious value. The total current will remain the same, 
provided the total resistance of the circuit remains 
the same. This is accomplished by making the resist- 
ance of the coil K such that it exactly compensates 
for the reduction in resistance caused by plugging in 
the shunt coil 8. The low scale is applied by moving 
the plug from the position 1 to .1. With this change 
the potentiometer reads from .16 of a volt down, by 
indicated steps of .000005 of a volt. 

The use of the potentiometer in calibrating volt- 
meters and ammeters will be described in two of the 
following sections. 

CALIBRATING GALVANOMETERS 

Oalvanometers. — ^In general, the galvanometer is 
an instrument used in detecting or measuring small 
electric currents, or measuring the quantity of elec- 
tricity discharged through a circuit, such as the 
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charge or discharge of a condenser. When used in 
detecting or measuring an electric current, the galva- 
nometer is called a current galvanometer; and when 
used in measuring a quantity of electricity, it is 
called a ballistic galvanometer. 

Constants of Current Galvanometer. — ^The con- 
struction of the majority of galvanometers is such 
that the deflection of their moving system is practi- 
cally proportional to the current flowing through the 
galvanometer winding, that is 

i=Ke 

in which I is the current in the winding; 9 is the 
deflection of the moving system in any convenient 
unit; and jBT is a constant, called the figure of merit 
of the instrument, which is defined as the current 
required to produce a unit deflection of the moving 
system. It is evident from the above that there will 
be as many different values for the figure of merit 
of a galvanometer as there are methods of measuring 
the unit deflection, and for this reason the unit in 
which the deflection is measured should always be 
specified when the value of K is given. 

A constant which is frequently used in expressing 
the sensibility of a galvanometer is the number of 
megohms (million ohms) that can be placed in series 
with the galvanometer to give one unit deflection 
when there is an electrical pressure of one volt acting 
on the circuit. 

Another constant quite frequently used in express- 
ing the voltage sensibility of a galvanometer is the 
electrical pressure required to produce one unit 
deflection. 

Assuming the same method is employed in meas- 
uring the unit deflection — which is usually one milli- 
meter on a scale one meter from the galvanometer 
mirror — ^when the three constants given above are 
determined, then the following relation will exist 
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between them. The megohm sensibility is equal to 
the reciprocal of the figure of merit, and the voltage 
sensibility is equal to the product of the figure of 
merit and the resistance of the galvanometer. 

The ballistic constant of a galvanometer is the 
quantity of electricity required to produce unit the- 
oretical deflection. The actual deflection must be 
multiplied by the damping factor to get the theoretical 
deflection. 

Determining Figure of Merit of a Galvanometer, — 
The scheme of connections of a simple method of 
determining the figure of merit of a galvanometer 
is given in Figure 156, in which G represents the 
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Figure 156.- 



-Scheme of Connections for Determining Figure of Merit 
of a Galyanometer. 



galvanometer; K^ and K2 are contact keys; P is a 
potential rheostat ; F is a low-reading voltmeter ; and 
jB is a battery of several cells. The electrical pressure 
acting on the galvanometer when its circuit is closed 
by operating the keys K^ and K2 is indicated by the 
voltmeter, and this pressure divided by the resistance 
of the galvanometer circuit gives the value of the 
current through the instrument. The observed deflec- 
tion due to this current divided by the value of the 
current will give the value of the current per unit 
deflection or figure of merit, assuming the deflections 
are proportional to the current. The value of the 
deflection should be changed and the figure of merit 
re-calculated; and if the values for different deflec- 
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tions do not agree, a curve should be drawn indicating 
the relation between the figure of merit and the 
extreme deflection. When the galvanometer is used 
in measuring a current, the value of K, as determined 
from the curve for the particular deflection, should 
be used. 

Galvanometer Shunts. — Frequently the current to 
be measured exceeds the capacity of the instrument, 
in which case a known resistance may be placed in 
parallel with the coil of the instrument and only a 
fractional part of the total current will pass through 
the galvanometer itself. Such a resistance is called 
a galvanometer shunt, and, if the relation of this 
resistance and that of the galvanometer is known, the 
total current in the main circuit may be calculated 
in terms of that passing through the galvanometer. 

Determining the Ballistic Constant of a Galva- 
nometer, — The ballistic constant of a galvanometer 
may be determined by sending a known quantity of 
electricity through its winding and observing the 
deflection, which, multiplied by the damping factor, 
gives the theoretical deflection. This theoretical 
deflection, divided into the quantity, gives the quan- 
tity per unit deflection, or the ballistic constant. A 
scheme of connections for determining the ballistic 
constant is shown in Figure 157, in which G represents 
the galvanometer; C is a standard condenser; P is a 
potential rheostat ; F is a voltmeter ; /S is a double-pole 
double-throw switch ; and jBT is a key to short-circuit 
the galvanometer. The standard condenser may be 
charged to a definite potential — determined by the 
adjustment of P and indicated by V — ^by throwing S 
into the lower position, and then discharged by 
throwing 8 into the upper position. The quantity of 
electricity stored in the condenser when 8 is down 
will be discharged through the galvanometer when 8 
is in the upper position and produce a deflection of 
the moving system. This deflection multiplied by 
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the proper damping factor gives the theoretical throw 
of the moving system. The quantity of electricity 
in coulombs divided by the theoretical deflection gives 
the quantity per unit deflection, or the ballistic con- 
stant. The quantity of electricity stored in the con- 
denser is given by the following equation: 

in which Q is the quantity in coulombs; C is the 
capacity in microfarads; and E is the value of the 
pressure impressed on the terminals of the condenser 




Figure 157. — Scheme of Connections for Determining Ballistic 

Constant. 

in volts. The value of the constant for different 
extreme deflections should be determined, and if the 
values do not correspond, a curve should be drawn 
indicating the relation between the constant and the 
extreme deflection. When using the galvanometer in 
measuring quantity, the value of K, as determined 
from the curve for the particular deflection, should 
be used. 

Damping Factor of the Ballistic Qalvanometer. — 
The actual deflection of the moving system of a bal- 
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listic galvanometer, due to the discharge of a certain 
quantity of electricity through its winding, is not as 
great as the theoretical deflection, nor is it the same 
for different resistances in series with the instrument. 
This difference between the actual and the theoretical 
deflections is due to what are called damping forces, 
which are due to the friction of the air on the moving 
system ; friction of the support, if the moving system 
is supported ; and the magnetic effect of induced cur- 
rents. In using the ballistic galvanometer, the actual 
observed deflection should be multiplied by a factor 
called the damping factor in order to get the theoret- 
ical throw. The value of the damping factor is 
always greater than unity and its value should be 
determined under service conditions. A simple 
method of determining the numerical value of the 
damping factor is as follows : Set the moving system 
swinging, with a resistance in series with the galva- 
nometer coil corresponding to service conditions, and 
observe the successive deflection of the moving system 
to the right or to the left of the zero position. The 
square root of the ratio of successive deflections is 
the damping factor for that average deflection and 
the particular resistance in series with the galva- 
nometer. 

CAUBRATTNG VOLTMETERS 

Calibrating a Voltmeter by Comparison, — The 
accuracy of a voltmeter's indication may be deter- 
mined by connecting it in parallel with another 
instrument (called a standard) whose calibration has 
been accurately determined, and comparing their 
indications for various impressed voltages. The con- 
nections of the instruments are indicated in Figure 
158, in which 8 represents the standard instrument; 
X is the instrument to be calibrated; B is a battery 
of desired pressure; and P is a suitable potential 
rheostat for varying the pressure over the two volt- 
meter terminals. 
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Calibration of a Voltmeter by Means of a Potenti- 
ometer, — ^When a greater degree of accuracy is desired 
in calibrating a voltmeter than can be obtained by 
the method of comparison or when it is necessary to 
check the standard instrument, the potentiometer is 
used. Pressures as high as 1.6 volts may be measured 
by connecting them to the terminals marked E, M. F. 
in Figure 155, and adjusting the points M and -Sf' , a 
balance having previously been obtained with the 
standard cell, the resistance K being short-circuited 
throughout the test. Pressures between 1.6 and 16 




Figure 158. — Calibrating a Voltmeter by Comparison. 

volts may be measured by connecting them to the 
terminals marked E. M, F. and obtaining a balance by 
adjusting M and M' with the resistance K short-cir- 
cuited, a balance having previously been obtained with 
the standard cell and the resistance 8 in circuit. The 
readings on the potentiometer, when a balance is 
obtained with unknown pressure, should be multiplied 
by ten. 

Pressures higher than 16 volts may be measured 
by connecting the pressure across a known resistance 
and measuring, by means of the potentiometer, the 
drop over a definite known part of this resistance. 
Knowing the ratio of the total resistance and the 
portion across which the drop is measured, the total 
pressure may be computed by multiplying the meas- 
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ured drop by the ratio of the resistances. B/esistances 
suitable for this purpose are provided with the poten- 
tiometer previously described, and they are called 
volt boxes, or multipliers. The portion across which 
the drop is measured is usually a submultiple-of-ten 
part of the total resistance, and it is only necessary 
to multiply the potentiometer reading by the proper 
multiple of ten in order to obtain the true value of 
the total pressure. 

Alternating-Current Voltmeters. — ^Alternating-cur- 
rent voltmeters may be calibrated by comparing them 
with a standard voltmeter of the electro-dynamometer 
or Kelvin balance type, which can be calibrated by 
means of direct current. 
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Calibrating Ammeters by Comparison. — The am- 
meter may be calibrated by connecting it in series 
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Figure 159. — Calibrating an Ammeter by Comparison. 

with a standard ammeter and comparing their indi- 
cations for different values of current. The scheme 
of connections is shown in Figure 159, in which 8 rep- 
resents the standard ammeter ; X is the instrument to 
be calibrated; 5 is a storage battery or other source 
of steady current; and R is a. current rheostat for 
adjusting the value of the current to the desired 
value. 

Calibration of an Ammeter by a Potentiometer. — 
The potentiometer may be used in calibrating an 
ammeter by measuring the drop in potential over a 
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known standard resistance connected in series with 
the ammeter. The current through the resistance is 
equal to the drop between its terminals in volts, as 
measured by the potentiometer, divided by the value 
of the resistance in ohms. 

Alternating-Current Ammeters. — ^In calibrating 
alternating-current instruments, it is always best to 
connect them in series with a standard instrument of 
the electrodynamometer or Kelvin balance type and 
compare their indications when connected in an 
alternating-current circuit. The standard may be 
calibrated by direct current. 



CALIBRATION OP WATTMETERS 

Voltmeter'Ammeter Method of Calibrating a Watt- 
meter, Comm/m Source of Current and Pressure. — ^A 
voltmeter and an ammeter may be used in calibrating 




Figure 160. — 



Voltmeter-Ammeter Method of Calibrating a Wattmeter, 
Common Source of Current and Pressure. 



a wattmeter operating on a direct-current circuit by 
connecting the ammeter in series with the current coil 
through a reversing switch 8 and the voltmeter in 
parallel with the pressure circuit through a reversing 
switch 8% as shown in Figure 160. Prom an inspec- 
tion of the diagram, it will be observed that the 
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current taken by the voltmeter passes through the 
series coil and, as a result, there is a greater current 
in the series coil than that indicated by the ammeter. 
The current taken by the voltmeter is usually quite 
small and may be neglected except in cases where it is 
an appreciable percentage of the loud current in the 
series coil. The product of the current in the series 
coil and the pressure indicated by the voltmeter will 
give the true power ; and the wattmeter indication, if 
correct, should correspond to this value. The current 
in the series coil and the pressure circuit of the watt- 
meter should be reversed by the switch 8'' and a 
second reading taken for the same current and volt- 
age to determine if there is any unbalance or to 
eliminate the effects of any stray magnetic fields. 
If there is any difference in the two wattmeter indi- 
cations, the average of the two should be taken as 
the correct value. The instrument should be cali- 
brated for currents and voltages corresponding to 
those of the circuit in which it is to be used. 

Voltmeter'Ammeter Method of Calibrating a Watt- 
meter, Separate Source of Current and Pressure. — In 
calibrating a high-current capacity wattmeter, it is 
more economical to use a separate source of current 
and pressure, and it is also necessary to use a separate 
source in the calibration of a compensated wattmeter 
in order to determine if the compensation is correct. 
A scheme of connections for calibrating a high-current 
capacity wattmeter, using a separate source of current 
and pressure, is given in Figure 161. The battery 
connected in series with the current coil is of low- 
voltage and high-current capacity, while the one in 
series with the pressure coil is of high voltage and 
low-current capacity. No correction is needed for 
the current taken by the voltmeter in this case as it 
does not pass through the series coil, but the currents 
in the two circuits must be reversed and two readings 
of the wattmeter taken, as in the previous case. 
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The scheme of connections for calibrating a com- 
pensated wattmeter is the same as that given in Fig- 
ure 161 except an additional switch S^' is required. 
The compensating turns may be connected in series 
with the pressure circuit by throwing the switch /S" 
to the left, and out of circuit by throwing 8^^ to the 
right. The difference in the readings of the watt- 
meter with and without the compensating turns in 
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Flgure 161. — Voltmeter-Ammeter Method of Calibrating a Wattmeter, 
Separate Source of Current and Pressure. 

circuit should correspond to the loss in the pressure 
circuit for the particular pressure impressed between 
its terminals. The current in the circuits should be 
reversed and the average of the readings for the two 
directions taken as the correct value. 

Alternating-Current Wattmeters. — ^Alternating-cur- 
rent wattmeters may be calibrated by connecting them 
in parallel with a standard wattmeter of the electro- 
dynamometer or Kelvin balance type which may be 
calibrated on a direct-current circuit. Wattmeters 
used as standards should be carefully constructed and 
you should make sure that they are not affected by 
a phase displacement of the current and the pressure 
by having them checked at a reliable laboratory 
equipped for making such tests. 



CHAPTER XII 

TESTINO WATT-HOUB METERS 

Classification of Tests. — The meter committee of the 
National Electric Light Association recommends that 
the test on watt-hour meters be classified as follows : 

Shop tests Inquiry tests 

Installation tests Be-tests 

Periodic tests Repair tests 

Complaint tests Special tests 

The shop test consists of a careful examination and 
test of all meters received from the manufacturer or 
those removed from service before they are placed in 
the stockroom or again installed. 

The installation test is one made after the meter is 
installed to make sure that it is operating correctly. 
Very frequently the adjustment of a meter is changed 
or an accident may happen to it during installation 
and it is the purpose of the installation test to make 
the necessary adjustment if such should be required. 
Such a test is imperative in the case of the commu- 
tator type meters, as there is always a change in the 
friction of the brushes on the commutator until the 
meter is in good working condition. It is best to 
allow the meter to operate for several weeks before a 
final test is made, as the f rictional losses will be fairly 
constant by that time. The induction type meters 
may be tested immediately after being installed, as 
their friction losses are practically constant, no com- 
mutator being required. 

The periocKc test is one made on a meter in service 
at more or less regular intervals in order to determine 
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if its permissible error is exceeded. These periodic 
tests should be made at intervals to suit the circum- 
stances; but no definite rule can be given for deter- 
mining this interval of time for aU classes of service, 
and meters of different capacities and types. It is 
customary to test commutator-type meters more fre- 
quently than induction or mercury-motor meters, as 
they are more likely to be in error. The higher the 
current capacity of the meter, the more frequent the 
test; and the tests are usually made more frequent 
in cases of large consumption than in cases where the 
average consumption is comparatively small, although 
the current capacities of the meters in the two cases 
may be the same. 

A complaint test is one made on the meter of a cer- 
tain customer who has complained of his bill. These 
tests are conducted in the same manner as the peri- 
odic test or the installation test, except the meter is 
usually tested on what is called its normal load or 
the load most generally used. 

An inquiry test is one ordered by the company itself 
before rendering the bill, to determine if the meter 
has been operating properly. Such tests are usually 
made when a customer's bill for the current month 
differs a great deal from that of the preceding month. 

A re-tesi is a test made on meters which have been 
opened or tampered with by any one not authorized ; 
or if a meter has been out of service for some time, 
it should be tested when reconnected. 

A repair test is one made on a meter which has been 
repaired while in service and the test should be made 
immediately after the repairs are completed. 

Special tesis are all tests which may not properly 
come under any one of the previous kinds, such as 
tests for interference, quarter phasing, determining 
meter torque, losses in the meter, ete. 

Meter Consta/nis. — The number of revolutions the 
moving element of a watt-hour meter makes in a given 
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time is proportional to the enei^ that has passed 
through the meter during that time, and if the energy 
per revolution of the moving element is known, the 
total energy may be computed by multiplying the 
total number of revolutions by the value of the energy 
per revolution. This multiplication is usually per- 
formed automatically by the meter and the result is 
indicated on the dials of the instrument. In large 
capacity meters the difference between two successive 
readings of the dials seldom gives the value of the 
energy direct but this difference must be multiplied 
by a constant, which is usually marked on the dial, 
in order to get the value of the total energy. This 
constant is known as the dial constant, and it will 
have different values for meters of different capacities. 
Most all meters have stamped or marked on them 
what is called the test constant, which is to be used 
in testing the meter, but there is, unfortunately, no 
uniformity in the meaning of the constant and its 
significance must be understood for each case. In 
some cases the value of the test constant corresponds 
to the number of watt-hours, watt-minutes, or watt- 
seconds per revolution of the disk, in which case it is 
called the watt-hour, watt-minute, or watt-second con- 
stant. If we represent these three constants by Eh, 
Kjn, and Kb, respectively, then we may write the fol- 
lowing relation : 

^8 = 60 Zm= 3,600 JSTh 

In general the test constant has a value corresponding 
to one of the above, or a multiple of one of them. 

Relation of Test Constants for Different Watt-Hour 
Meters. — In testing watt-hour meters, the accuracy of 
the meter is expressed by the ratio of the meter indi- 
cation and the true energy, both in the same units, in 
per cent. This may be expressed in the form of an 
equation as follows: 
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. - meter energy 

percentage of accuracy = — - — ^ ^^ X 100 

^ actual energy 

The numerator of the above equation is the energy 
indicated by the watt-hour meter in a given time, and 
the denominator is the actual energy passing through 
the meter as determined by the standard instruments. 
The indication of the watt-hour meter being tested 
is usually determined by counting the number of revo- 
lutions of the disk in a given time and multiplying 
this number by the testing constant of the meter, or 

meter energy = testing constant X revolutions 

Eepresenting the revolutions of the meter disk in time 
T, in seconds by R, and assuming the test constant 
of the meter is the watt-seconds per revolution JSTg, we 
may write the following equations: 

meter watt-seconds =jfirs X B 



or 
then 



meter watts y:T=KsXlt 
meter watts =- '' 



T 

This formula, in some form, is used by the majority 
of meter manufacturers; and if they all used the 
formula just as it stands, the watt-second constant 
would be the test constant in every case. Different 
manufacturers, however, use the equation in different 
forms and, as a result, the simple relation just given 
does not hold in all cases. The constants as used by 
several of the leading companies and their relation 
to the watt-second constant of the meters are as 
follows : 

"Westinghouse Electric and Manufacturing Company : 
test constant £'w= watt-second constant 
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^eter watts = ^^ 
General Electric Company: 

test constant Jrg = watt-hour constant 

K^ = 3,600 X Ks 

meter watts = -^ =— ^ 

Duncan Electric Manufacturing Company: 
test constant jfird = watt-hour constant 

Zs = 3,600 X Ki 

.. 3,600XgdXg 
meter watts = = 

Port Wayne Electric Works : 
For * * Type K ' ' meters 

test constant Kt = .01 X watt-second constant 

Ks = 100XKt 

^. 100 XK.XR 
meter watts = = 

For **Type Ki, Kg, Kg, and K^" meters 

test constant = watt-hour constant 

^8 = 3,600 Z, 

.^ 3,600 XKtXB 
meter watts = =5 

Sangamo Electric Company : 

test constant £'«= watt-second constant 
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meter watts = 



T 



Example Illustrating the Use of the Test Constant. — ^A Gen- 
eral Electric 25-ainpere two-wire D. C. 115-volt watt-hour meter 
with a watt-hour test constant equal to unity was tested by 
means of an ammeter and a voltmeter and gave the follow- 
ing results. Determine the accuracy of the meter. 

B, revolutions of disk = 25 

T, time in seconds =42.2 

Ammeter reading = 20 amperes 

Voltmeter reading = 110 volts 

Solution, — 

3,600 X 25 
meter watts = to^o = 2,132. — 

Actual, or true watts = 20 X 110 = 2,200 

2,132 
Percentage of accuracy = X 100 = 96.9% 

Methods of Testing Watt-Hour Meters, — There are 
a number of different methods of testing service 
meters on the consumer's premises, and the following 
are probably the ones most generally used : 

Ammeter- voltmeter method 

Indicating wattmeter method 

Portable rotating standard watt-hour meter method 

House type watt-hour meter used as a standard method 

Lamps or standard resistance method 

Ammeter-Voltmeter Method of Testing Watt-Hour 
Meters, — ^Watt-hour meters may be tested by compar- 
ing the number of watts as shown by the meter under 
test with the number of standard watts determined 
by multiplying the readings of an ammeter and a 
voltmeter connected in circuit so as to indicate the 
current in the series coil of the watt-hour meter and 
the pressure acting on its pressure circuit, respect- 
ively. The ammeter and the voltmeter used should 
be of a reliable type, and they should be in good 
calibration or the true value of their indications 
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should be known in order to accurately determine the 
standard watts. 

The watts shown by the watt-hour meter are deter- 
mined by timing a whole number of revolutions of 
the disk in seconds and fractions thereof by means of 
a reliable stop watch, and substituting the results 
in the following equation : 



meter watts = 



T 



in which K^ is the watt-second constant of the watt- 
hour meter; R is the number of revolutions in T sec- 
onds; and T is the time of test in seconds. The 
duration of the test as usually taken is about 45 
seconds. 

The connections for testing a three-binding post 
two-wire, and a four-binding post three-wire watt- 
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Figure 162. — Ammeter and 
Voltmeter Connections for Test- 
ing a Three-Binding-Post Two- 
Wire Watt-Hour Meter. 




Figure 163. — Ammeter and 
Voltmeter Connections for Test- 
ing a Four-Binding-Post Three- 
Wire Watt-Hour Meter. 



hour meter by means of an ammeter and a voltmeter 
are given in Figures 162 and 163, respectively. These 
connections may be modified to meet special condi- 
tions and the requirements of the meter being tested. 
For example, the pressure circuit of the three-wire 
meter in Figure 163 might be disconnected from the 
upper series coil within the meter and connected to 
the upper wire outside the meter, and the upper series 
coil then connected in series with the lower one, a 
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jumper being placed in the upper wire, and only one 
ammeter will be required. In testing watt-hour 
meters by this method, it is necessary to read both the 
ammeter and the voltmeter and in addition count the 
number of revolutions and operate the stop watch. 
Any variation in pressure or current will affect the 
final results ; and when such changes are beyond the 
control of the tester, it is advisable to take a number 
of readings of both the ammeter and the voltmeter 
at regular intervals and then take the average of these 
as the value of the true current and pressure, 
respectively. 

This method cannot be used in testing alternating- 
current watt-hour meters unless the current and the 
pressure are in phase, and it is not advisable to 
assume that such is the case even though the load, 
is considered non-reactive. 

In testing small capacity meters by this method, a 
calibrated resistance, which consists of a number of 
resistance units of different value with a suitable 
switching arrangement for varying the load, is some- 
times used in obtaining the true or standard watts. 
The temperature coefficient of the material compos- 
ing this resistance should be negligible and it should 
be calibrated in watts for different impressed pres- 
sures. When such a device is used, it is only neces- 
sary to read the voltmeter, and the true watts may be 
obtained from a table giving the calibrating results 
of the standard resistance. In this case an error in 
the voltmeter reading affects both the current and 
the pressure and, therefore, produces a greater error 
than if it affected the pressure alone. 

Indicating Wattmeter Method of Testing Watt- 
Hour Meters. — An indicating wattmeter may be used 
in measuring the true or standard watts in testing a 
watt-hour meter in place of a voltmeter and an am- 
meter. The use of the indicating wattmeter simplifies 
the operation quite a bit, as one instrument takes the 
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place of two, and its indication gives the standard 
watts directly without any calculation. 

The method, however, is open to serious objections 
when using certain tj'pes of indicating wattmeters on 
direct current, due to the fact that these instruments, 
being designed for use on alternating-current circuits, 
are affected to a considerable extent by the earth's 
magnetism and other stray magnetic fields. This 
error may be practically eliminated by taking two 
readings of the indicating wattmeter with the current 
in the pressure and the series coils reversed in the sec- 
ond case, assuming the load current and the pressure 
remain the same. The average of the two wattmeter 
readings may be taken as the true watts. 

The connections for testing a three-binding-post 
two-wire and a four-binding-post three-wire watt-hour 
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Figure 164. — Indicating 
Wattmeter Connections for 
1'esting a Three-Binding-Post 
Two-Wire Watt-Hour Meter. 



Figure 165. — Indicating 
Wattmeter Connections lor 
Testing a Four-Binding-Post 
Three-Wire Watt-Hour Meter. 



meter by means of an indicating wattmeter are given 
in Figures 164 and 165, respectively. These connec- 
tions may be modified to meet special conditions and 
the requirements of the meter being tested. For 
example, the two series coils of the meter in Figure 165 
may be connected in series, as explained in the pre- 
vious case, and a single wattmeter used instead of 
two. The calculations are the same as in the previous 



case. 



In testing alternating-current meters, it is fre- 
quently desirable to know the power factor of the 
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circuit, and it may be detennined by dividing the true 
watts as indicated on the wattmeter by the apparent 
watts, which can be determined by multiplying the 
indication of an ammeter in series with the series coil 
of the wattmeter by the indication of a voltmeter in 
parallel with the pressure coil of the meter. 

Portable Rotating Standard Watt-Hour Meter 
Method of Testing Watt-Hour Meters. — The most 
reliable method, all things considered, in use at the 
present time for testing watt-hour meters and the one 
requiring the least time is the method employing the 
portable rotating standard. In this case the watt 
hours, as indicated by the watt-hour meter under test, 
are compared with the watt hours, as indicated by the 
rotating standard. The dial of the rotating standard 
is read at both the beginning and at the end of a 
certain number of revolutions of the watt-hour meter 
being tested, unless it is of the reset type, and the 
difference in these two readings gives the whole num- 
ber of revolutions and fractions thereof made by the 
rotating standard. The percentage of accuracy of the 
meter may then be found by the following formula : 

percentage of accuracy = J", . . p^ X 100 

in which ^s is the watt-second constant of the meter 
under test ; B is the counted revolutions of the meter 
under test ; K^ is the watt-second constant of the rotat- 
ing standard; and B' is the indicated revolution of 
the rotating standard. The rotating standard is 
usually started and stopped at the beginning and end 
of each test by operating a switch provided for this 
purpose. 

In some of the earlier types of rotating standards 
for direct-current work, in which there is an error 
introduced due to the heating of the pressure coil, 
the meter is started and stopped by a switch in the 
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current circuit, or the rotating element runs CMitinn- 
oualy and the indicating mechanism is engaged or dis- 
engaged by a magnet clutch whose winding is con- 
nected directly across the line and is opened or closed 
by means of a small switch. In alternating-current 
rotating standards, the meter is started and stopped 
by closing and opening the pressure circuit, ainee the 
error introduced due to the heating effect of the shunt 
current is not appreciable. This method is also em- 
ployed in some of the direct-current rotating stand- 
ards when the heating effect of the pressure circuit 
may he neglected. The switch controlling the meter 
is usually attached to the end of a piece of flexible 
duplex conductor long enough to allow the operator 
to control the rotating standard from a position near 
the meter being tested, so he may count the revolutions 
of the meter under t«st. 

The connections for testing a three-binding-post 
two-wire meter and a four-binding-post tiiree-wire 




Figure 16B, — ConnectlonB of Fltture 187. — ConnectloDH of 

a ItotaliDG StnDdard for Test- a Rotating ^taodard for TMt- 

Ind a Tbrop-Ulndlnir-Post Two- inR a Four-Binding- Post Threa- 

Wire Wntt-nour Meter, Wire Watt-Hour Metec. 

meter by means of a Duncan rotating standard are 
given in Figures 166 and 167, respectively. These 
connections may be modified to meet special condi- 
tions and the requirements of the meter being tested. 
Botatiiig Standards. — The fundamental principles 
upon which both the direct- and the alternating-cur- 
rent rotating standard watt-hour meters operate are 
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the same as those of the service watt-hour meters, but 
their construction is somewhat difEerent in order to 
meet certain requirements. The rotating standard 
must be a portable form of meter, which may be easily 
carried about by the meter tester ; it must have a wide 
range of current-carrying capacities in order that it 
may be used in measuring full and tight loads ac- 
curately and in testing meters of different capacities ; 
and it must have an easy and a reliable means of 
determining the number of revolutions of the rotating 
element. 

The first requirement of the rotating standard is 
met by dispensing with the iron ease in which the 



watt-hour meter is usually placed, and enclosing all 
of the operating parts in a properly dimensioned 
wooden ease with a hinged top and carrying handle 
or strap, as shown in Figure 168, which is a top view 
of a single-phase rotating portable standard made by 
the Westinghouse Company. 

The second requirement of the rotating standard is 
met by making the current coils of the meter in sec- 
tions, and mounting these sections so that they may 
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be connected in series or in parallel by some kind of 
a special switching device. The torque acting on the 
rotating element is made the same for all the different 
full-load currents, as marked on the control switch on 
top of the meter, by making the effective ampere 
turns of the current coils the same at full load for all 
the different capacities. 

The third requirement of the rotating standard is 
met by mounting a pointer on the upper end of the 
shaft of the rotating element. This pointer moves 
over a circular scale divided into 100 equal parts, and. 



e Electric Works, 

with this arrangement, it is possible to read the one- 
hundredth part of a revolution. One or more smaller 
pointers indicate the whole number of revolutions. 
These pointers are plainly shown in Figure 168. A 
view of the rotating standard made by the Fort 
Wayne Electric Works, removed from the ease, is 
shown in Figure 169. 

Rotating standards are built for polyphase testing, 
and they consist of two single-phase meters mounted 
on a common shaft and operating the same recording 
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mechanism. These elements should be so located with 
respect to each other that there is no appreciable inter- 
ference between them. It is quite necessary in using 
rotating standards, that they be placed where they 
are just as free from the effects of vibration as pos- 
sible and at the same time not acted upon by any 
magnetic disturbances, such as motors, generators, or 
conductors in which there is a large current. Mag- 
netic disturbances are more pronounced in the case 
of direct-current standards, and for this reason they 
should always be connected as indicated by the polarity 
signs at their terminals and placed in such a position 
that the plane of their current coils is in the direction 
indicated by a compass needle usually mounted in the 
top of the rotating standard. 

Testing Watt-Hour Meters with a Souse Type 
"Watt-Hour Meter cw a Standard, — This method of 
testing a watt-hour meter consists in employing an 
extra carefully calibrated house type watt-hour meter 
as a standard, with special pressure binding posts 
arranged so the pressure circuit of the standard can 
be connected in ahead of the service meter. This con- 
nection is necessary in order that the standard meter 
will measure the true energy passing through the 
meter being tested. 

The accuracy of the service meter is in some cases 
determined by connecting it in series with the stand- 
ard watt-hour meter, and running the two on the con- 
sumer 's load or on an artificial load for an hour, or 
day, or several days, reading the dial of each meter 
before and after the test. A comparison of the energy 
recorded by the two meters will give the percentage 
accuracy as follows: 



percentage of accuracy 

service meter watt-hours 



standard meter watt-hours 



xioo 
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A second method, which is much less tedious than 
the above, is to compare the revolutions of the two 
meters. The percentage of accuracy may be calculated 
by means of the following formula : 

percentage of accuracy = ^, . . ^, X 100 

in which K^ is the watt-second constant of the meter 
imder test; K' is the watt-second constant of the 
standard meter; and R and W are the revolutions of 
the meter being tested and the standard meter in any 
convenient interval of time. 

The connections for testing a three-binding-post 
two- wire and a four-binding-post three-wire watt-hour 





%tm» TCSTCS TCtT HCTCN 



Figure 170.. — Connections of 
a Standard Watt-Hour Meter 
for Testing a Three-Binding- 
Post Two-Wire Watt-Hour 
Meter. 



Figure 171. — Connections of 
a Standard Watt-Hour Meter 
for Testing a Four-Binding- 
Post Three-Wire Watt-Hour 
Meter. 



meter by this method are given in Figures 170 and 
171, respectively. 

Testing Watt-Hour Meters with Lamps or Standard 
Resistances. — In many plants where they have no 
standards at all, they are more or less handicapped in 
knowing just how accurately their watt-hour meters 
are recording and in such cases have to resort to the 
use of lamps of a given voltage in testing the meters. 
This method of testing is not recommended and is only 
used in the absence of the necessary instruments. If 
the wattage of the lamps used at different voltages is 
accurately known, quite accurate results may l^ ob- 
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tained provided a voltmeter is available for measuring 
the pressure. 

A similar method is sometimes employed where 
standard resistances are used in place of the lamps. 
These standard resistances are rated to take so many 
watts at a given voltage, and are more reliable than 
the lamps. 

If no stop watch is available, it is more inconvenient 
to count the whole number of revolutions of the disk 
and estimate the fractional part of a revolution in a 
given time, than it is to estimate the time of a whole 
number of revolutions. The percentage of accuracy 
may then be determined by the following formula : 

percentage of accuracy = ,"" , — ' X 100 

in which Km is the watts-minute constant of the meter 
being tested ; and r.p.m. represents the revolutions of 
the disk per minute. 

Testing Polyphase Watt-Hour Meters. — ^Polyphase 
watt-hour meters consisting of two separate single- 
phase meter elements may be tested by connecting 
the current coils in series and the voltage coils in 
parallel, both combinations being connected to the 
same phase so that no error will be introduced due to 
improper phase relation of current and pressure. 

Polyphase watt-hour meters may be tested under 
service conditions by loading the two elements sep- 
arately when connected to two of the three phases. 
Two indicating wattmeters or a polyphase standard 
may be used in this case. When a polyphase meter is 
out of adjustment, it is advisable to test each of the 
elements separately, to determine if the two elements 
are properly balanced. 

The rotating torque acting on the moving element 
of a polyphase watt-hour meter is the algebraic sum 
of the torques developed in each of the motor ele- 
ments. These two torques are in the same direction, 
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if the meter is connected correctly, when the power 
factor of the circuit is greater than .5 ; and in oppo- 
site directions when the power factor is less than .5, 
or the current lags the pressure by more than 60 
degrees. When transformers are used in combination 
with watt-hour meters, it is rather diflScult to deter- 
mine by inspection whether the meter elements are 
properly connected, in which case the following test 
will be useful. Disconnect one of the elements, by 
bridging the secondary of the current transformer and 
then disconnecting the leads to one element of the 
meter, and note the direction in which the meter 
rotates due to the torque developed in the connected 
element. Re-connect this element and disconnect the 
other one and note the direction of rotation. If the 
load is a lamp load, the power factor is greater than 
.5 and both motor elements should cause the meter to 
revolve in the same direction; but, if the test shows 
they do not, the connections of one element must be 
changed. If the load is an induction motor or trans- 
former, the power factor may be greater or less than 
.5 depending upon the load on the motor or transform- 
ers. When the motor or transformers are operating 
without load or very light loads, the power factor of 
the circuit is less than .5 and for loads near full-load 
the power factor is greater than .5. If the direction 
of rotation of either of the elements of the meter when 
acting alone changes when the load on the motor is 
increased, the light-load power factor is less than .5, 
and the elements should produce rotation in the oppo- 
site directions on light loads. When there is any 
doubt in your mind as to the power factor of the 
circuit, it is best to disconnect the connected load and 
try each element separately with a few lamps as a 
load on the phase in which the element being tested 
is connected. 

Methods of Loading Watt-Hour Meters for Test. — 
There are a number of different methods employed in 
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loading watt-hour meters under test, the more common 
of which are as follows: 

The consumer's load 
Portable group of lamps 
Special testing rheostats 
Portable storage batteries 
Step-down transformers 

The meter tester does not need to carry as much 
equipment when the consumer's load is used in testing 
watt-hour meters, but the companies usually prefer 
some other method on account of the annoyance to 
the consumer and the likelihood of their misunder- 
standing the object of the test. 

A number of lamps mounted on a convenient base 
for carrying and provided with a suitable switching 
device so the number of lamps in the circuit may be 
changed is frequently used in testing watt-hour meters 
of low-current capacity. 

There are a number of specially constructed rheo- 
stats on the market at the present time, composed of 
a number of resistances, of different value, connected 
in parallel by special switches. The wattage consump- 
tion of these resistances is given for different voltages 
and the only instrument required in determining the 
true watts is a voltmeter. 

In testing direct-current meters, the desired cur- 
rent in the current-coils may be obtained from a low- 
voltage portable storage battery, which results in a 
considerable saving in energy for making the test. 
The value of the current may be easily regulated by 
means of a carbon-plate current rheostat connected in 
series with the battery and the current coils. The 
pressure circuit of the meter should have full or line 
pressure connected to its terminals. 

The low-voltage transformer can be used in pro- 
ducing a large current in the current coil of the alter- 
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nating-current watt-hour meter without taking a large 
current from the line, which results in a saving in 
energy. When such transformers are used, an accu- 
rate test should be made to determine their effect upon 
the power factor so that proper allowance can be 
made. 

General Procedure in Testing Watt-Hour Meters. — 
The following method of procedure may be followed 
in testing watt-hour meters, which will result in all 
testers making the same tests and more uniform re- 
sults will be obtained: 

First, determine if the frame of the meter is 
grounded or crossed with a line whose potential is 
different than the ground. When such a cross is 
found, special precaution should be taken in removing 
the cover and making the necessary connections for 
the test. 

Second, place jumpers around the meter to take 
care of the customer's load, unless this load is to be 
used in testing the meter. 

Third, determine if there is any creep when the 
meter is connected to the line and there is no current 
in the current coils. If there is any creep, determine 
the time in seconds for one revolution of the disk, and 
make a record of this time. 

Fourth, connect the testing instruments and load, 
and obtain test readings for at least heavy load and 
light load, and it is also best to make a test on normal 
load. The results of these tests should be carefully 
recorded. 

Fifth, give the watt-hour meter a thorough clean- 
ing ; remove the register and inspect same to see that 
it is free from excessive friction ; examine the commu- 
tator and brushes, if the meter is of the commutator 
type, and carefully clean and adjust them ; clean the 
upper end of the shaft and worm gear, also the upper 
bearing; carefully inspect and clean the lower jewel 
and pivot, if such are used in the meter, and renew 
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them when found defective; clean all dirt from be- 
tween the magnets and adjust the disk to the proper 
height; replace the register, making sure it properly 
meshes with the worm on the shaft, and that there is 
sufficient vertical play for the moving system. 

Sixth, after the meter has been cleaned and adjusted 
as described above, the friction compensation should 
be carefully adjusted so there is no creep and the 
meter will register on very light loads. Creeping due 
to fluctuations in voltage or slight vibration may be 
prevented in direct-current meters by placing a small 
metal clip of iron on the edge of the damping disk; 
and in the case of alternating-current meters, by drill- 
ing small holes in the disk. 

Seventh, re-calibrate the meter on both light and 
heavy loads, and make the necessary adjustments. 
After all the adjustments have been made, re-check 
the meter so as to verify its accuracy. 

Eighth, connect the consumer's load to the meter, 
remove the jumpers, and make a thorough inspection 
of all connections and the operation of the meter, 
making sure the disk rotates in the proper direction. 

Ninth, seal the meter and make out a complete 
report. 

In checking alternating-current watt-hour meters 
the cover should be in position as it will affect the 
magnet fields produced by the pressure and series coils 
and, as a result, the readings will be different. This 
difference is not as noticeable in the case of direct- 
current watt-hour meters. 

Causes of Inaccurate Watt-Hour Meter Readings. — 
If any watt-hour meter is found in error, it is always 
advisable to try and locate the cause of the inaccuracy 
rather than make a compensation for the cause of the 
trouble. The principal causes of inaccuracies in watt- 
hour meter readings are as follows, and the meter 
tester should satisfy himself that such causes do not 
exist before any adjustments are made. 
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Defective armature 
Defective series resistance 
Improper adjustment of brushes 
Defective jewels 

The operation of a watt-hour meter is frequently 
affected by a defective armature, one or more of the 
coils being open or shorted. A voltmeter may be used 
in testing for opens and shorts by measuring the drop 
over each of the coils and comparing this drop with 
the difference in pressure between the brushes. The 
drop in pressure over each coil should be approxi- 
mately equal to the drop between the brushes divided 
by twice the number of coils on the armature. An 
open coil will show a high drop and a shorted coil a 
low drop. An incandescent lamp may be used in 
making this test, and it will bum brighter when con- 
nected to an open coil and less so when connected to a 
shorted coil than it does when connected to a perfect 
coil. Two pointed metal terminals may be used in 
connecting the lamp to the terminals of the coils, and 
the voltage rating of the lamp should be something 
near the normal drop over the coils. 

When the resistance in series with the pressure cir- 
cuit of a watt-hour meter is open, the meter will not 
operate; and when a portion of it is short-circuited, 
there will be more than normal current in the pressure 
circuit and, as a result, the meter will run too fast. 
The different sections of this resistance may be tested 
for opens and shorts by means of a voltmeter or suit- 
able test lamp. 

If the tension of the brushes on the commutator is 
properly adjusted, there should be no appreciable wear 
and the friction between the brushes and the commu- 
tator will become practically constant after the meter 
has been in operation for a few weeks. The surface 
of the commutator often becomes roughened due to 
sparking, which may be caused by vibration, dust or 
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dirt, or improper brush tension. If the commutator 
appears smooth and there is some sparking at the 
brushes, the trouble may be due to a dirty commutator 
or too light a brush tension. The surface of the com- 
mutator should be cleaned with a narrow strip of linen 
tape and any dirt between the segments removed with 
a finely pointed tool and the brush tension increased. 
When the surface of the commutator is roughened, it 
should be smoothed down with a piece of crocus cloth 
which has been worn practically smooth, and polished 
with a piece of linen tape. The surface of the brushes 
in contact with the commutator should be cleaned and 
polished, as in the case of the commutator, and their 
tension carefully adjusted so that they both bear the 
same amount on the commutator. 

A defective jewel or pivot may cause excessive fric- 
tion and, as a result, the meter will run slow. They 
should both be removed from the meter and examined 
with a small magnifying glass. If there is no defect 
in either, they should be thoroughly cleaned with a 
piece of very soft wood and replaced. A jewel may 
be examined for defects by moving a fine pointed 
needle back and forth over its surface, the needle 
being held loosely between the fingers. A very small 
quantity of jeweler's watch oil should be applied to 
the jewel bearing before it is replaced. 

Meter Records, — ^A complete record of all meters 
should be carefully kept by all operating companies 
of any size in order that all information relative to 
any particular meter may be easily obtainable. These 
records are usually of the card-index type, as experi- 
ence has proved they are better adapted for this kind 
of work than any other method. These records should 
give all the information relative to purchase, type, 
installation, constants, nature of load, readings, tests, 
and any other information which will be of service to 
the company. These records are not, as a rule, all 
kept on a single card; but usually several cards are 
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used, the classification being based on the nature of 
the recorded information. 

Special Watt-Hour Meter Tests. — Special tests are 
often made on watt-hour meters to determine their 
torque ; the effect of stray magnetic fields upon their 
operation ; the watts lost in the pressure and current 
coils ; the interference of different metering elements ; 
the effect of a change in the power factor or the fre- 
quency of the line ; etc. These tests usually require 
special equipment and are as a rule conducted in 
laboratories equipped for such work. The results of 
all of the above tests are of importance in the opera- 
tion of the meter and should be considered in the 
purchase of watt-hour meters. 

Reading Watt-Hour Meters, — ^It is very essential 
that all watt-hour meters belonging to a central station 
company be accurately read in order to avoid trouble 
in over- or under-charging the consumers. It is cus- 
tomary with the larger companies to have a certain 
number of men who do nothing but read meters, a 
portion of the total number of meters being taken 
care of each day. 

It is a very simple matter to read a watt-hour meter 
when the following general instructions are observed. 
The pointers on the different dials of watt-hour meters 
are geared to each other in such a way that a complete 
rotation of any pointer will cause the pointer to its 
left to move through one-tenth of a revolution. Point- 
ers on adjacent dials rotate in opposite directions. 
The right-hand dial usually indicates units, and the 
second, third, fourth, etc., dials will then indicate 
tens, hundreds, and thousands, etc., respectively. 

The reading of any dial should always be taken as 
the number on the dial which the pointer has last 
passed unless it is very near the number, in which 
case reference must be made to the dial to its right 
or next lower dial. When the pointer on the next 
lower dial has not completed a revolution, the figure 
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in doubt on the upper dial should not be read but the 
next lower one ; but, if the pointer on the lower dial 
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Figure 172. — Ten Typical Watt-Hour Meter Readings. 



has completed a revolution, the figure in question on 
the upper dial should be read. On account of the 
above relation in the dial readings, the men reading 
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the meters frequently read the dials from right to 
left rather than from left to right. After the readings 
of the dials have been taken and cheeked, the result 
should be correctly pointed off, as the dials on dif- 
ferent meters do not always read in the same units. 
If a dial constant is required in computing the actual 
reading, it should be marked on the record. Ten 
typical watt-hour meter readings are given in Fig- 
ure 172. 



CHAPTEK XIII 

SPECIAL INDICATING AND RECORDING INSTRUMENTS 

POWER FACTOR METERS 

Purpose of Power Factor Meters. — The power fac- 
tor of an alternating-current circuit has been defined 
as the cosine of the angular displacement between the 
current and the electrical pressure, or as the quotient 
obtained by dividing the true power, as indicated by 
a wattmeter, by the apparent power, obtained by mul- 
tiplying the value of the effective current by the value 
of the effective pressure as indicated by an ammeter 
and a voltmeter, respectively. The value of the power 
factor of any circuit determined by either of these 
methods will be the same, provided the current and 
the pressure are true sine waves. When the wave 
forms do not follow a sine law and especially when the 
current and the pressure curves have different forms, 
the power factor as determined by the two methods 
will not be the same. In all practical work the power 
factor is determined by dividing the true power by 
the apparent power, and may be determined as indi- 
cated above by means of a voltmeter, ammeter, and 
wattmeter. This method requires a calculation in 
each case, and for this reason a separate instrument 
has been developed, called a power-factor meter, which 
indicates directiy the value of the power factor. 

Electrodynamometer Type Power-Factor Meter. — 
The electrodynamometer power-factor meter is very 
similar in construction to the electrodynamometer 
type wattmeter, except the power-factor meter is pro- 
vided with two movable coils in place of one, as in 
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the wattmeter, and there are no controlling springs. 
The movable coils are mounted at right angles to each 
other and the electrical connections are made through 
springs which exert practically no torque. A non- 
inductive resistance is connected in series with one of 
the movable coils and a high inductance in series with 
the other, which results in the current in one coil, 
say coil A, being in phase with the pressure between 
its terminals, and the current in the other coil, or coil 
B, being displaced in phase from the pressure between 
its terminals by about 90 degrees. These two circuits 
are connected in parallel and constitute the pressure 
circuit of the instrument. The stationary coils are 
connected in series and carry the load current of the 
line in which the meter is connected, unless current 
transformers are used. If the line pressure and the 
load current are in phase, the current in the movable 
coil A will be in phase with the current in the sta- 
tionary coil and the current in the movable coil B 
will be displaced in phase from the current in the sta- 
tionary coil by about 90 degrees. This phase relation 
of the pressure and series currents results in there 
being a maximum action between coil A and the sta- 
tionary coil and practically zero action between coil B 
and the stationary coil, and, as a result, the moving 
system will set itself in such a position that coil A is 
parallel to the stationary coils. When the phase rela- 
tion between the load current and the line pressure 
changes, there will be a change in phase relation be- 
tween the currents in the pressure coils and the cur- 
rent in the series coils, which will result in the 
resultant magnetic action on the movable coil B 
increasing and the action on coil A decreasing, and 
the moving system will turn into a new position, which 
will be a measure of the power factor of the circuit in 
which it is connected. The deflection of the moving 
system will be in opposite directions for leading and 
lagging currents. A pointer attached to the movable 
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element will indicate the power factor on a properly- 
calibrated scale. 

The front view of a three-phase three-wire power- 
factor meter of this type, with the cover removed, 
manufactured by the "Weston Electrical Instrument 
Company, is shown in Figure 173. 

Induction Type Power-Factor Meter. — The induc- 
tion type power-factor meter operates on the prin- 
ciple of a rotating magnetic field. This rotating 
magnetic field, in the case of a three-phase meter, is 



produced by three coils, whose planes make an angle 
of 60 degrees with each and carrying load currents 
displaced in phase by approximately 120 degrees. In 
the two-phase meter, the coils are at right angles to 
each other and the load currents in them are displaced 
in phase by approximately 90 degrees. A specially 
shaped iron vane is mounted on a shaft within this 
rotating magnetic field so that it is free to turn. The 
axis of this shaft is perpendicular to the plane con- 
taining the axis of the current coils. A coil, carrying 
a current in phase with the pressure, is placed about 
the iron vane with its axis parallel to the shaft on 
which the vane is mounted. This coil will magnetize 
the vane to a degree and polarity determined by the 
value of the current in the coil and its direction. 
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respectively. The vane will then move into such a 
position that its magnetism passes through zero value 
at the same time the rotating field at that particular 
point is zero, and its position will be an indication of 
the power factor of tie circuit. 

In the single-phase meter, the relative position of 
the current and the pressure circuits are reversed, the 
rotating magnetic field being produced by two pres- 



Flgure 174. — ResoDance Frequeocy Ueter. 

sure coils in parallel and carrying currents which are 
displaced in phase by approximately 90 degrees. A 
more detailed description of an instrument of this 
type is given in the section of this chapter devoted to 

synchroscopes. 

PBEQUENCY METERS 

Purpose of Frequency Meters. — The frequency 
meter is an instrument designed to indicate the fre- 
quency of a circuit to which it is connected. The 
frequency of an alternating current, or pressure, is 
defined as the number of cyclra per second, in which 
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the cycle consists of a complete aet of positive and 
negative values. The number of cycles per revolution, 
in the case of an alternator, is equal to one-half the 
number of poles P, and if the machine runs at 8 
revolntions per second, the cycles per second will be 
given by the formula 

f_ PXS 

Resonance Frequency Meter. — The resonance fre- 
quency meter consists of a number of steel reeds, hav- 



Flgure ITS.— WeBtlngbouBe InducUoD Tjpt Freguencr Meter. 

ing a different natural period of vibration, placed in 
a magnetic field produced by a current whose fre- 
quency is to be determined. When the magnetic 
action of the field corresponds to the natural period 
of any one of the reeds, it wiU cause that particular 
reed to vibrate, just as a note played on a violin may 
cause some particular string on a piano to vibrate. 
The ends of these reeds are so arranged that they 
vibrate in a rectangular opening cut in the face of 
the meter with a suitable scale marked along the edge 
of the opening. A front view of a frequency meter of 
this type is shown in Figure 174. 
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Induction Type Frequency Meter. — ^A frequency 
meter of the induction type as manufactured by the 
Westinghouse Electric and Manufacturing Company 
is shown in Figure 175, with the cover removed. The 
meter consists of two induction type voltmeter ele- 
ments, acting on a specially shaped disk which con- 
stitutes the moving element, and tending to move the 
disk in opposite directions. One of the voltmeter ele- 
ments is in series with a non-inductive resistance and 
the other is in series with a reactance, so that a change 
in frequency tends to change the relative strength of 
the two magnets and cause rotation. The disk is so 




Figure 176. — Connections of the Stationary Elements of the Weston 

Frequency Meter. 

shaped that, as it moves, the amount of metal under 
the stronger magnet becomes less than that under the 
weaker magnet, so that with every relation between 
the two magnet strengths there is a point where the 
two torques produced by the two magnets balance and 
the moving system comes to rest. A change in line 
pressure produces the same effect on both coils and 
hence no change in the meter's indication. 

Weston Frequency Meter, — The Weston frequency 
meter is somewhat similar in construction to the mova- 
ble core type of ammeters and voltmeters. The mag- 
netic field in the case of the frequency meter remains 
constant so long as there is no change in the pressure 
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acting on the meter, but its direction changes with a 
change in frequency. The magnetic field in the fre- 
quency meter is produced by currents in two coils 
which are mounted at right angles to each other. A 
scheme of connections of the two coils is given in 
Figure 176. The two coils A and B are connected in 
series across the line with an inductive reactance X^ 
in series with coil A and a resistance B^ in series with 
coil B. A resistance fig is connected in parallel with 
X^ and A, and a reactance Xg in parallel with B^ and 
B; then the whole combination is connected in series 
with a reactance X3, the purpose of which is to damp 
out the higher harmonics. The circuits, shown in 
Figure 176, form a Wheatstone bridge, which is bal- 
anced at normal frequency. An increase in frequency 
will increase the effect of the reactors X^, X^y X^, and 
thus change the balance of the bridge, causing more 
current to flow through one coil and less current 
through the other. Any change in frequency is accom- 
panied by a corresponding change in the direction of 
the resultant magnetic field. 

The soft iron core CD mounted on a shaft in the 
center of the coils takes up a position determined by 
the resultant magnetic field; and its position is a 
measure of the frequency of the circuit to which the 
meter is connected. A pointer attached to the moving 
system moves over a calibrated scale and gives a direct 
reading of the frequency. 

SYNCHROSCOPES 

Purpose of Synchroscopes. — ^A synchroscope, or 
synchronism indicator, is a device for determining 
whether two synchronous machines are in synchro- 
nism, that is, whether their frequencies are the same 
or not, and whether the terminals of the switch for 
connecting the machines are of the proper polarity. 

Perhaps the simplest device for this purpose is an 
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ordinary incandescent lamp or a combination of lamps 
connected between the terminals of the machines, as 
shown in Figure 177. When there is no difference in 
potential between the terminals of the switches to 
which the lamps L are connected, no current will flow 
through the lamps, consequently they will not light 
up. The terminals of a given lamp will be at the same 
potential when the electromotive force of the two 
machines are equal and exactly opposed with respect 
to each other. This device is not altogether satisfac- 
tory as it requires a considerable pressure between the 
terminals of the lamps before it begins to light up. 




Figure 177. — Connection of Lamps for Synchronizing. 



and the electromotive force of the two machines may 
be quite different without showing on the lamps. If 
the lamps be connected diagonally across the machines, 
they will bum at full voltage when the electromotive 
force of the machines are in synchronism and exactly 
opposed to each other, as measured between the ter- 
minals which are to be connected together at the 
switch. In either case the maximum pressure which 
may act on the lamps is equal to the combined elec- 
tromotive forces of the two machines, and the lamps 
should be chosen accordingly. A number of lamps 
may be connected in series for higher voltages. 

Modem synchroscopes are replacing the lamps, as 
they indicate the difference in speeds of the two ma- 
chines—which one of the machines is ranning the 
faster — ^and also the phase difference between the two 
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when they are running in synchronism. The operating 
principle of synchroscopes is practically the same as 
that of the power-factor meters. 

Weston Synchroscope. — ^A diagram of the connec- 
tions of the Weston synchroscope is shown in Figure 
178. The two fixed coils M^ and itfg are connected in 
series to the terminals of the running machine B and 
carry a current in phase with the pressure of the 
machine, while the movable coil itfg is connected to 
the terminals of the incoming machine A, The cur- 
rent through the stationary and the movable coils are 
displaced in phase from each other by 90 degrees 
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Figure 178. — •Connections of the Weston Synchroscope. 

when the electrical pressures acting on them are either 
in phase or phase opposition. This phase relation of 
the currents is brought about by means of a condenser 
C connected in series with the movable coil and the 
dight inductance possessed by the feed coils. When 
the currents are displaced in phase by exactly 90 
degrees, the movable coil will come to rest at right 
angles to the stationary coils and there will be no 
tendency for it to turn. If the phase displacement of 
the currents becomes greater or less than 90 degrees 
due to the pressures acting on the circuits being out 
of phase or phase opposition, there will be a torque 
acting on the movable coil tending to turn it from its 
zero position. This torque causes the movable coil to 
turn against the action of a spiral spring which holds 
the movable coil normally at right angles to the sta- 
tionary coils. The torque acting on the movable coil 
becomes a maximum when the currents in the coils 
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are in phase or phase opposition. The direction of 
the torque will depend upon the relative direction of 
the currents in the coils; that is, the direction of the 
deflection indicates whether one lags or leads with 
respect to the other. 

If the frequency of the pressures acting on the 
movable and the stationary coils are not the same, the 
current in one coil will be continuously changing its 
phase relation with respect to the current in the other 
coil, and, as a result, the torque acting on the movable 
coil will increase from zero to a maximum in one direc- 
tion and back to zero, increase to a maximum in the 
opposite direction and back to zero, while the fre- 
quency of one of the pressures is increasing or de- 
creasing one cycle with respect to the frequency of 
the other pressure. When the pressured have the same 
frequency but are not in phase, the movable coil will 
come to rest at one side or the other of the zero posi- 
tion, which will be determined by the average torque 
and the strength of the controlling spring. The instru- 
ments are so connected that the pointer attached to 
the movable coil is deflected to the left of its zero 
position when the incoming machine is slow, and to 
the right when the incoming machine is running too 
fast. 

The synchronizing lamp L is connected to the sec- 
ondary of a special transformer T, which is provided 
with two primary windings. One primary winding is 
connected to machine A and the other to machine B. 
When the terminals marked 1 and 3 are of the same 
polarity, there is a maximum magnetic flux through 
the secondary winding and the lamp is brightest at 
this time, which corresponds to exact sjoichronism of 
the two machines. 

Westinghouse Synchroscope. — One type of synchro- 
scope manufactured by the Westinghouse Electrical 
Manufacturing Company is practically the same as 
the power-factor meter, made by the same Company 
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and previously described in this chapter. A rotating 
magnetic field is produced by the currents in two 
coils, M and N, Figure 179, connected to the bus bars, 
one through a reactor P, and the other through a 
resistor L. A movable iron vane or armature A is 
mounted on a shaft within the rotating magnetic field, 
the axis of the shaft being perpendicular to the plane 
containing the axis of the two coils M and N. This 
iron vane is magnetized by a coil C connected across 
the terminals of the incoming machine. The axis of 
the coil C corresponds in position to the shaft upon 
which the vane A is mounted. The iron vane is mag- 
netized by the coil C and will be attracted or repelled 
by the rotating magnetic field of the coils M and N 





u^ 



Figure 179. — Diagram of Westingbouse Type TI Synchroscope. 

and will tend to take up a position such that the zero 
of -the rotating field occurs at the same instant as the 
zero of its own field. Thus the position of the vane at 
any time indicates the phase angle between the pres- 
sure of the busbars and the pressure of the incoming 
machine. The iron vane with the pointer attached to 
it rotates, as the phase difference between the two 
pressures changes; and when the same frequency is 
reached, it remains stationary. Speeds of the incom- 
ing machine below synchronism cause the pointer to 
rotate in one direction marked **slow'' on the dial and 
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speeds of the incoming machine above synchronism 
cause the pointer to rotate in the opposite direction 
marked "fast" on the dial. The rate of rotation wiU 
depend upon the difference in frequency of the two 
pressures. 

A diagram of the internal connections of another 
type of BynchroBCope made by the Westinghouse Elec- 
tric and Manufacturing Company is shown in Figure 
180. A bipolar laminated field M has its winding con- 
nected to the busbars, and hence to the machine in 
operation. Two coils B and C are wound at right 



angles to each other on an iron core D, which is 
mounted on a shaft so that the core and coils can 
freely rotate. Connections are made to these two coils 
by means of three slip rings and three brushes. A 
non-inductive resistance R is connected in series with 
one coil and an inductive resistance L in series with 
the other. The currents in the two coils are displaced 
in phase, by approximately 90 degrees, and, as a result, 
produce a rotating magnetic field. If the frequency 
of the currents in the coils B and C is the same as 
that of the current in the coil about the magnets M, 
there will be no tendency for the core D to rotate. 
Any difference in frequency of the currents in the 
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stationary and movable coils will cause a rotating of 
the core D in one direction when the incoming machine 
is too fast, and in the opposite direction when the 
incoming machine is too slow. The rate of rotation 
will depend upon the difference in frequency of the 
two sources of current. 

RECORDING OR GRAPHIC INSTRUMENTS 

Purpose of Recording Instruments. — ^A recording 
instrument is one which records on a time-chart a con- 
tinuous record of the value of the quantity the instru- 
ment is supposed to measure. Recording instruments 
are constructed to give a continuous indication of the 
successive instantaneous values of all quantities whose 
values may be given by an indicating instrument, 
such as current, pressure, power, frequency, power 
factor, etc. 

A complete knowledge of the fluctuations in elec- 
trical quantities is of great importance to the central 
station company in making a complete study of the 
operating characteristic of the station. Such instru- 
ments are also useful to the consumer inasmuch as 
they may give useful information relative to the 
operation of certain machines or departments. 

Classification of Recording Instruments, — The re- 
cording, or graphic, instrument, as described in the 
following sections, may be divided into two general 
classes: the direct-acting type and the relay type. 

In the direct-acting type, the moving element of the 
meter carries the pen or tracing point and causes it 
to move over a properly ruled chart which is driven 
at a constant speed by a suitable clockwork. 

In the relay type of recording meter, the moving 
element of the meter proper operates a set of contacts, 
which close an auxiliary circuit. This auxiliary cir- 
cuit contains the solenoids which operate the pen. In 
the relay type, the acuracy of the indications does not 
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change with a change in friction of the pen upon the 
records, and the instniment may, as a rule, be ad- 
justed to respond to a smaller variation in the quan- 
tity being measured than in the direct-actiiig type. 

A second classification of recording instruments 
may be made, according to the form of the record 
obtained, into circular-<^art instruments, which may 
give a record for a few days; and into continuous- 
chart instruments, which give a continuous record for 
as much as two months, depending upon the speed at 
which the record paper is drawn under the pen. 

Bristol Recording Awmeters, Voltmeters, and Watt- 
tneters. — A Bristol recording ammeter, with the cover 



Figure 181.— Bristol Recording 

removed, is shown in Figure 181. The current coil C 
is entirely stationary, and is attracted to the instru- 
ment back. The moving eleioent consists of a com- 
bination disk armature D and light iron core mounted 
on a non-magnetic shaft extending through the cur- 
rent solenoid. Both ends of this shaft are supported 
by vertical steel springs S and S„ and the right-hand 
spring is attached to the pen arm A. The armature 
core is normally held away from the coil C; but it is 
attracted and drawn toward the left-hand end of the 
coil when there is any current in the coil. Any alight 
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movement of the core causes the upper end of the 
pen arm to move through a comparatively large angle. 

The voltmeter consists of a stationary and a mova- 
ble coil connected in series. The movable coil is 
mounted on a shaft and takes the place of the disk in 
the ease of the ammeter. This shaft is supported at 
the ends on vertical springs and the pen arm is at- 
tached to the right-hand spring. The two coils are 
wound to repel each other, making them non-inductive 
with respect to each other, 

A Bristol recording wattmeter, with the cover re- 
moved, is shown in Figure 182. The stationary coil C 



Figure 182.— Bclaiol Recording Wattmetei 

is wound with heavy wire capable of carrying the 
total current in the line, and the movable coil P is 
wound with fine wire and mounted on a shaft sup- 
ported on vertical springs. The movement of the 
movable coil is proportional to the combined magnetic 
actions of the load current and a current which varies 
with the line pressure, or it is proportional to the 
power. The motion of the movable coil is imparted to 
the pen arm and causes the upper end of the arm to 
move through a relatively large distance. The action 
of the movable coil in producing a movement of the 
pen arm is multiplied by the use of a double bearing 
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knife-edge support at the right-hand end. With this 
arrangement, tiie two coils may be placed very close 
to each other and the desired movement of the upper 
end of the pen arm will be produced by a very small 
movement of the movable coil, making it possible with 
alternating-current instruments to obtain an evenly 
divided scale, as the magnetic field is quite constant 
over the short distance that the coil moves. 

When the quantity being recorded rapidly fluctu- 
ates in value, it is desirable to have some form of 
damping device. The damping device provided con- 
sists of a light vane Y attached to the movable element 
and moving in a box B filled with oil. 

General Electric Recording Instruments. — The re- 
cording voltmeters, wattmeters, and power-factor 
meters manufactured by the General Electric Com- 
pany operate on the direct-reading dynamometer prin- 
ciple. The frequency meter is of the tuned circuit 
type, and the ammeters are constructed on the mag- 
netic vane principle. The voltmeter and the single- 
phase wattmeters have one fixed and one movable set 
of measuring coils; the polyphase wattmeters have 
two sets of fixed coils and two sets of movable coils, 
the latter being rigidly attached to a common shaft. 
The power-factor instruments have two pressure coils 
and one current coil, so arranged as to operate the 
recording needle and give a continuous record of the 
true power factor of balanced two- or three-phase, 
threC' or four-wire circuits. 

The general appearance of all of these meters is 
practically the same and a front view of the polyphase 
wattmeter, with the cover removed, is shown in Fig- 
ure 183. The moving element of these instruments is 
suspended entirely from the top by means of a steel 
piano wire. The lower end is accurately centered by 
a small steel pivot passing through a ringstone sap- 
phire jewel. With this method of suspension, the 
friction of the moving system is small in comparison 
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to the torque tending to produce a deflection. The 
moving system is held in its zero position by means of 
a spiral spring. It is connected to the pen by means 
of an arm attached to the upper end of the shaft of 
the moving system and extending toward the front of 
the instniment, the outer end of the arm being at- 
tached to the pen proper by an intermediate link 
which is hinged to the end of the arm in such a man- 
ner that it can move only in a horizontal plane. As a 



Plgiire 183. — General Electric Folyphaae Becordlog Wattmeter, 

result of this arrangement, the pen moves in a straight 
line across the record paper instead of in a curve. 
The record paper is moved lengthwise under the pen 
by means of a clockwork, the standard rate being 3 
inches per hour. The motion of the moving system is 
damped by means of metal disks rotating between the 
poles of permanent magnets, 

Westingkouse Recording iTistruments. — The record- 
ing voltmeters, alternating-current ammeters, watt- 
meters, and frequency meters, manufactured by the 
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Westiughouse Electric and Manufacturing Company, 
operate on the eleetrodynamometer or Kelvin-balance 
principle; the power-factor meter operates on the 
magnetic-vane principle; and the direct-current am- 
meters operate on the principle of D 'Arsonval instru- 
menta. The ammeter is constructed with two coila, 
astatically arranged and pivoted within the magnetic 
fields of two permanent magnets, which reduces the 
effect of the earth's or any other external magnetic 
field. 

Westingkouse Recording Voltmeter. — A front view 
of the recording voltmeter, with cover removed, is 



Ftgdre 1S4. — Front View of Westlnghouae Recording Voltmeler. 

shown in Figure 184, and a schematic diagram of the 
electrical connections is shown in Figure 185. The 
four stationary coils A, B, C, Z>, and the two movable 
coils E and F are all connected in series and their ter- 
minals connected to the binding posts 3 and 4. The 
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solenoid coils K and L are connected to the stationary- 
relay contacts H and I, respectively, as shown, with 
their junction brought out to the binding post 2. 
Movable coil E carries a contact J, which is electrically 
connected to binding posts 1. I^eads from the control 
circuit are connected to binding posts 1 and 2, and 
leads from the circuit to be metered are connected to 
the binding posts 3 and 4. 

The recording element comprises the pen-actuating 
solenoids K and L; the iron cores K' and L', which 



Figure 165. — Dtagram tif Westlngbouae Recording; Voltmeter. 

are supported by the T-shaped lever arm M, pivoted 
at N ; the pen arm 0, connected to M by pin bearing 
P and provided at the upper end with a pin B which 
moves in the stationary guide slot V ; and the record- 
ing pen S", arranged to pass across a suitable record 
paper T, moved by clockwork not shown in the 
diagram. 

The connections of the six coils A, B, C, D, E, and P 
are such that when there is a current through them, 
the coil E is repelled by A and attracted by B, while 
at the same time coil F is repelled by D and attracted 
by C If the contact J is midway between the con- 
tacts H and /, and the recording pen S is at zero 
position on the record paper when connection is made 
to the solenoids and meter circuits, the contact J will 
be forced down against the contact I, thus completing 
the circuit through the solenoid L, energizing Uie lat- 
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ter and causing it to pull its core U downward, 
thereby turning the arm M about the pivot N. This 
movement of M swings the pen arm to the right, 
causing the latter to move across the record paper 
toward full-scale position. It will be observed that 
this movement of M also places the control spring TJ 
under a tension which continues to increase with the 
downward movement of the solenoid core U until it 
balances the torque of the movable coils E and F, 
draws the contact J away from /, and breaks the cir-. 
cuit through the solenoid L. The dimensions and 
weights of the various moving parts of the meter and 
control springs are so proportioned that the entire 
moving system remains stationary or in the position 
occupied when the solenoid circuit was broken. The 
record paper is being drawn forward all the time, 
causing the pen to draw a line lengthwise, represent- 
ing the voltage being maintained on the metered 
circuit. 

If the pressure acting on the metered circuit should 
increase, the contact J is again forced down against 
the contact 7, and the operation described above is 
repeated until the increased tension of the control 
spring TJ again balances the torque of the movable 
coils E and Fy after which the moving system again 
remains stationary until there is another change in the 
pressure acting on the metered circuit. 

When the pressure of the metered circuit decreases, 
the contact J is forced upward against the stationary 
contact H, thereby completing the circuit through the 
solenoid K, The resulting downward movement of 
core K' turns the supporting arm M to the left, caus- 
ing the pen to be moved across the record paper 
toward the left or minimum-scale position. This 
movement continues until the tension in the spring TJ 
is sufficiently relieved to restore a balance between 
the actuating forces of the meter element and the 
spring. When this balance is obtained, the contact 
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J will leave the contact H, thus breaking the circuit 
through the solenoid K. 

The distances PiV, VSy and TR are made equal, 
which results in the lower end of the arm moving 
across the record paper in a horizontal straight line. 
The pin 22, which is rigidly connected to the upper 
end of the arm 0, moves up and down in the guide 

slot y. 

The moving parts of the meter and the recording 
elements are damped by means of suitably arranged 
pistons working in glycerine dashpots. 

The character of the record made by the meter may 
be readily changed to suit various purposes by vary- 
ing the distances between the stationary contacts B. 
and /. When the contacts are placed close together, 
the pen will draw a curve showing the slightest varia- 
tion in the metered quantity; and a more regular 
curve showing only the larger fluctuations in the 
metered quantity may be obtained by increasing the 
distance between the contact. 

MAXIMUM-DEMAND INSTRUMENTS 

Uaies for Electrical Energy. — ^Electrical energy can 
be supplied to the consumer most economically when 
generated at the time the consumer requires it, and 
the cost depends upon the amount supplied and also 
upon the time and the rate of supplying it. In order 
to be perfectly fair to both the consumer and the 
central station company, the various methods of 
chaining should take the above facts into account. It 
is perfectly obvious, in general, that the cost of sup- 
plying a consumer with energy who uses power con- 
tinuously for twelve hours per day will be less than 
the cost supplying a consumer with the same amount 
of energy per day who uses six times the power for 
only two hours per day. Less station capacity will 
be required in the first case and also smaller feeder 
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circuits, both of which means a smaller investment for 
the central station company. Numerous systems of 
charging for electrical energy have been devised, and 
in the majority of cases they try to properly propor- 
tion the different rates in accordance with the cost 
of supplying electrical energy under different service 
conditions. 

Two distinct types of instruments have been devised 
for the purpose of making the chaise of electrical 
energy more equitable. These are the two-rate meter 
and the maximum-demand indicator. 

Two-Bate Watt-Hour Meters. — ^An ordinary watt- 
hour meter may be equipped with two sets of dials 
and, by means of an electrical control operated by a 
time switch, one set of dials may be connected during 
certain hours of the day and the other set for the 
remaining hours, so that higher rates may be charged 
for energy used during certain hours of the day cor- 
responding to maximum station load than is charged 
for energy used during the remainder of the day. 

Two-rate meters are also made with a resistance in 
series with the armature which may be connected or 
disconnected by a time switch and the rate at which 
the meter element rotates changed. With this type 
of meter, only one set of dials is required, as the rate 
is automatically changed by changing the speed of 
the meter. When meters of this type are installed, 
the consumer does not, as a rule, use electrical energy 
as extravagantly during heavy load as at other times 
and the central station company can take care of the 
maximum load on the system more economically. 

Maximum-Demand Indicators. — ^Maximum-demand 
indicators are instruments used in determining the 
maximum energy, power, or current used by a con- 
sumer in cases where the charge for energy is based 
upon the ratio of consumption to maximum demand. 
These instruments may be classified into three groups, 
depending upon the principle upon which they oper- 
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ate, viz., thermal, induction, and mechanical. A sec- 
ond classification into three groups may be made^ 
based upon the nature of the indication or record, 
viz., instantaneous maximum-demand, time-lagged 
maximum-demand, and interval maximum-demand 
instruments. 

In order to understand the purpose of these dif- 
ferent types of maximum demand devices, it will be 
necessary that certain terms used in the measurement 
of demand be defined, and a few of the more common 
terms are usually defined as follows : 

Demand. — The demand is a load that is specified, 
contracted for, or connected to the system for a speci- 
fied time and is expressed in kilowatts, kilovolt- 
amperes, amperes, or other units. The load referred 
to is at the end of a line, feeder, etc., and the actual 
load on the station is greater than this by the losses 
in transmission. 

Maximum Demxind, — The maximum demand is the 
greatest demand used during a given time, such as 
a day, month, or year. 

Instantanecms Maximum Bem/md, — The instanta- 
neous maximum demand is the highest value of the 
demand, as determined by an instrument which indi- 
cates or records the true value of the demand at each 
instant. 

Tims-Lagged Maximum Dem/ind. — The time-lagged 
maximum demand is the highest value of the demand, 
as determined by an instrument which requires a 
considerable interval of time to record the full value. 
This interval of time may be very small and in some 
cases as much as 30 minutes. 

Interval Maximum Demand. — The interval maxi- 
mum demand is the highest value of demand inte- 
grated over a given predetermined time. 

Simultaneous Maximum Demand. — The simulta- 
neous maximum demand is the greatest sum of the 
individual demands occurring at the same time. 
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Demand Factor, — The demand factor is the ratio 
of the maximum demand on any central station, sys- 
tem, or part of a system, to the total connected load 
of the central station, system, or part of a system 
under consideration. 

Load Factor. — The load factor of a station, system, 
or part of a system is the ratio of the average load to 
the maximum load during any specified interval of 
time. The average load may be taken for a certain 
period, such as a month or a year, and the maximum 
load is taken within this same time. 

Instantaneous Demand Instruments. — ^An instanta- 
neous demand indicator is an instrument which will 
give an indication or record of the successive instanta- 
neous demands. Thus, an indicating or recording 
wattmeter will give the values of the instantaneous 
demands. No record is made in the case of the indi- 
cating instruments and they are used only in special 
tests. 

Time-Lagged Demand Instruments. — Time-lagged 
maximum-demand indicators do not give an indica- 
tion or record of the instantaneous maximum demand 
but require a continuance of the load for a consider- 
able time before the indicator registers the full value. 
Time-lagged maximum-demand indicators are made 
for indicating the maximum current or power demand. 

Wright Demand Indicator. — The Wright demand 
indicator was one of the first instruments used in 
measuring the maximum load. Its operation depends 
upon the heating effect of the metered current, and 
its scale may be marked to read either the maximum 
current or the power, if the pressure of the circuit is 
constant. A front view of the instrument is shown 
in Figure 186, and a view of the registering element 
in Figure 187. 

The instrument consists of a U-shaped glass tube 
T with a glass bulb at each end. A small overflow 
tube branches from the right-hand side beneath the 
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bulb and extends downward between the two limbs 
of the main tube. The U portion of the tube is filled 
with sulphuric add which has been colored to make 



Plgare 186. — Wright Demand Indicator 

it more visible, and the bulbs are filled with air. A 
heating element is placed about or adjacent to the 
left-hand bulb, and terminals are provided so that 



FtgDK 1ST. — ReglBtechig Element ot Wclgbt Demand iDdlcator. 

this heating element may be connected in series with 
the circuit in which the current is to be measured. 
The heat generated by the current in the heating 
element causes the air in the left-hand bulb to expand, 
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and the liquid in that side of the tube is forced down 
and the liquid in the right-hand branch is forced up 
and passes into the over-flow tube. The scale of the 
instrument is placed behind this overflow tube and 
may be marked to read either current or power. 

This instrument may be used on either direct- or 
alternating-current circuits, but it cannot be used in 
determining the demand in watts on the alternating- 
current circuit unless the power factor is unity or its 
value is known and is constant. 

The instrument is slow acting and, on a steady load, 
will record about 90 per cent of it in 4 minutes and 
the full load in from 30 to 60 minutes. This instru- 
ment does not give the time of the maximum demand, 
and its record is destroyed after each reading. 

Westinghovrse Watt-Hour Demand Meter. — The 
Westinghouse watt-hour demand meter is a combina- 
tion of induction watt-hour meter, an indicating 
induction wattmeter, and an escapement form of time 
element. The maximum demand is indicated directly 
in kilowatts by a pointer sweeping over a four-inch 
dial, and the total watt-hour load on a four-dial 
counter. The appearance of the glass-covered meter 
is shown in Figure 188. 

The instrument has a standard watt-hour meter 
movement, including electromagnet, permanent mag- 
nets, and aluminum disk, and, in addition, an auxiliary 
disk sector supported so that it can move in the air 
gap of the electromagnet in such a way that it does 
not interfere with the accuracy of the main disk, 
which always rotates at a speed proportional to the 
load. The rotation of the auxiliary disk is restrained 
by a spiral spring and its final deflection is propor- 
tional to the watts load. The auxiliary disk with 
its spring and pointer constitutes an induction indi- 
cating wattmeter. 

The shaft of the auxiliary disk is geared to an 
escapement wheel, and the claw restricting this wheel 
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IB oscillated by an eccentric on the main shaft. The 
auxiliary diak, therefore, advances step by step at 
a speed determined by the speed of the main ■watt- 
iioat meter diak, that is, at a speed proportional to 
the load. It continues to advance until the torque 
in the spring is sufficient to balance the torque pro- 
duced in the auxiliary disk. The auxiliary di^ drives 
the maximum demand pointer through a dog, and a 
fine-toothed ratchet and pawl bold the demand pointer 



Figure 188. — Weitlngboaee Watt-Hour Demand Meter. 

in the position of maximum deflection until released 
by hand. A second ratchet and pawl allow the aux- 
iliary disk to fall hack to equilibrium under its spring 
tension if the load falls below that corresponding to 
its position at any moment, but prevent it from advan- 
cing except as controlled by the escapement as before. 
The maximum demand pointer can be reset instantly 
by pressing a sealed button on top of the cover. 

The meters are constructed to indicate the average 
maximum demand over 1-, 2-, 5-, 15-, and 30-minute 
time intervals. The meter is direct reading but, as 
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in the ease of the Wright demand indicator, the time 
of maximum demand is not given. It has t^e advan- 
tage of combining the maximum demand indicator 
and watt-hour meter in one, thus reducing the initial 
cost and also the coat of instaUation. 

Interval Maximum-Demand Instruments. — Interval 
maximum-demand instruments are so constructed that 
they show the integrated value of the maximum load 
over a definite interval of time. They may be grouped 
into two general classes: those indicating the maxi- 
mum load only, and those indicating the values of 
the demand during auecessive intervals of time and 
also the time at which they occur. 

Maxicator. — The maxieator is a form of interval 
maximum-demand instrument, giving an indication 



Figure 1S».— Front View of Mailcator. 

of the interval maximum demand during any period. 
A front view of the maxicator ia shown in Figure 
189. It is exactly similar to the ordinary watt-hour 
meter register except it has added thereto a separate 
train of gears carrying a maximum-demand pointer. 
Maxicators are designed to be mounted in place of the 
standard meter registera, since they give the total 
consumption in watt-hours and the maximmn demand 
reading. 

The four small dial hands correspond to the dial 
hands of the ordinary watt-hour meter register, which 
give a reading of the total consumption. The large 
center dial hand is known aa the maximum-demand 
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pointer and indicates on the lai^ external scale the 
measured maximum demand during 30- or 15-minute 
intervals over any period, such, for instance, as a 
week or a month. This maximum-demand pointer is 
merely a friction pointer and is not connected directly 
in the train of gears. 

The register of the maiieator operates as an ordi- 
nary watt-hour meter and has connected with it 
through a train of gears a driving element that en- 
gages the maximum-demand pointer. Therefore, as 
the meter progresses, this driving element will be 



Figure 100.— Conttrt-Uaking Clock. 

carried forward, and, in turn, will carry forward the 
maximum-demand pointer at the same rate of speed 
and, of course, at a speed directly proportional to the 
consumption of energy passing through the watt-hour 
meter. This driving will be continued until the end 
of the time interval, when a solenoid connected with 
the driving element will be energized by means of a 
contact-making motor or eontaet-mabing eloek, and 
will reset the driving element to zero position but 
leave the maximum-demand pointer in its position on 
the large scale, it being held in position by a light 
spring bearing against its shaft. 
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Immediately after the driving element has been 
reset to zero position, it will begin to revolve as before, 
but, of course, will not re-engage and drive the maxi- 
mum-demand pointer to a higher point unless^the load 
on the meter increases and the demand for the next 
Interval is greater than the preceding. The position 
to which the maximum-demand pointer is finidly car- 
ried and left will be an indication of the greatest 
number of revolutions of the meter disk during the 
time interval and, therefore, an indication of the 
largest consumption of energy that has passed through 
the meter during the interval of time for which the 
maxicator is arranged. The time at which this maxi- 
mum demand occurred is not shown by the maxicator. 

A front view of the contact-making clock used with 
the maxicator is shown in Figure 190. A cam short- 
circuits two contact springs at 8, thus closing the 
circuit of the maxicator set-back solenoid. The cam 
is not operated by the spring of the clock proper, but 
by a second independent mainspring, which prevents 
any disturbance of the timing movement. 

Printometer. — The printometer is a form of interval 
maximum-demand instrument which prints in plain 
figures on a piece of paper tape the maximum demand 
during successive intervals of time and also the time 
during which the consumption occurred. The front 
of the instrument is shown in Figure 191. This 
instrument contains a set of cyclometer-type wheels 
which are electrically interlocked with the register of 
the watt-hour meter. These wheels are moved for- 
ward by the action of electromagnets which become 
energized when a circuit is closed by a contact com- 
mutator placed on the spindle of the watt-hour 
meter. They are moved forward at a rate which is 
exactly equal to the rate of flow of power through 
the watt-hour meter and will, therefore, at any instant 
give an indication which is equivalent to the reading 
of the meter dial. Through the agency of a rubber 
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plate and a eopying ribbon, this reading is printed 
on a paper tape. When the printing solenoid is 
enei^zed at recurring intervals by means of a con- 
tact-making device, there is obtained a paper tape 
which has printed upon it a reading equivalent to 
the reading of the watt-hour meter at the end of each 
interval of time. 

Printometers are quite expensive to install and 
maintain, but they -are quite extensively used in the 
sale of energy to large consumers. 



Fl([ure 191. — Front View at Prlntometei'. 

Grapkometers. — The graphometer is an instrument 
to be used in connection with watt-hour meters. It 
gives a graphic record which shows the average de- 
mand during each of the time intervals, and also the 
time of day and day of the week, when such demand 
occurred. 

The record of the graphometer differs from that 
of the other types of graphic recording instruments 
in that it gives the kilowatt hours registered by the 
watt-hour meter during each interval of time, while 
the other types give the instantaneous values of the 
power. 
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TABLE III 

COPPER WIRE TABLE 

Working Table, International Standard Annealed 
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NOTE — The table is based on the international standard of re- 
sistance for copper, which takes the fundamental mass resistivity 
= 0.15328 ohm (meter, gram) at 20° C, the corresponding: tempera- 
ture coefficient = 0.00398 at 20' C, and the density = 8.89 grams 
per cc at 20° C. The temperature coefficient is proportional to the 
conductivity, whence the change of mass resistivity per degree C 
is a constant, 0.000597 ohm (meter, gram). 

NOTE 2 — The values given in the table are only for annealed 
copper of the standard resistivity. The user of the table must apply 
the proper correction for copper of any other resistivity. Hard- 
drawn copper may be taken as about 2.7 per cent higher resistivity 
than annealed copper. 

NOTE 3 — Ohms per mile, or pounds per mile, may be obtained by 
multiplying the respective values above by 5.28. 

NOTE 4 — For complete tables and other data see Circular No. 81 
of the Bureau of Standards. 
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TABLE V 



Allowable Current Carrying Capacities op Wires 
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direction of field 37 

distortion of 38 

energy stored in .• 65 

induction density 48 

intensity of 48 

strength of field 37 

Magnetic induction 35 

Magnetic poles, action between 34 

Magnetic screen 39 

Magnetic substances 33 

Magnetism 32 

lines of force 37 

and the magnet 3^ 

magnetic field 37 

magnetic induction 35 

magnetic screen 39 

magnetic substances 33 

unit magnet poles 36 

Magnetization curves 49 

Magnetomotive force 46 

Maxicator 308 

Maximum demand 303 

Maximum-demand instruments 301 

^aphometers 311 

mdicators 302 

instantaneous demand instruments 304 

interval maximum-demand instruments 308 

maxicator 308 

printometer 310 

rates for electrical energy 301 

time-lagged demand instruments 304 

two-rate watt-hour meters 302 

Westinghouse watt-hour demand meter 306' 

Wright demand indicator 304 

Maxwell 47 



324 INDEX 

PAGE 

Mercury-motor watt-hour meter 203 

for a. e. circuits 209 

compensation for friction 205 

creeping of 207 

Sangamo three-wire 207 

Meter capacities 218 

Meter constants 257 

Meter humming 218 

Meter records 277 

Mho 29 

Mil-foot resistance 117 

Milli-voltmeter 164 

Mutual inductance 57, 67 

bridge method of measuring 69 

Mutual induction of two solenoids 67 

Natural magnet 32 

Non-inductive coil 70 

Oersted 47 

Ohm 14 

Ohmmeter 141 

Ohm 's law 16 

Parallel round wires, capacity of 81 

Period 87 

Permanent magnets 

applications of 40 

typical forms of 40 

Phase displacement 87 

Plate condenser, capacity of 75 

Point poles 36 

Polarity of solenoids 45 

Poles of magnet 32 

Polyphase watt-hour meters, testing 271 

Polyphase wattmeters 195 

Potential transformer 149 

Potentiometer 

fundamental principles of 240 

Leeds and Northrup 242 

Power component 109 

Power factor 110 

in three-phase system 237 

Power factor meters 281 

electrodynamometer type 281 

. Induction type 283 

purpose of 281 



INDBX 825 

PAGE 

Power and energy, measurement of 233 

in three-phase three-wire system 233 

transformers 236 

in unbalanced three-phase four-wire system 233 

Prepayment watt-hour meters 218 

Printometer 310 

Reactive component 109 

Reading meters 278 

Recording instruments 293 

Bristol 294 

classification of 293 

General Electric 296 

purpose of 293 

Westinghouse 297 

Reluctance 46 

Residual charge 79 

Residual magnetism 51 

Resistance, calculation of 115 

conductor resistance varies directly as its length 115 

conductor resistance varies inversely as area of its cross- 
section 116 

mil-foot resistance 117 

relation of resistance to physical dimensions 117 

relative conductivity of a material 121 

resistance changes with temperature 119 

resistance due to change in temperature 120 

specific resistance 117 

standard resistance 122 

temperature coefiScient 119 

Resistances 

combination of series and parallel connection 30 

connecting in parallel or multiple 28 

connecting in series 27 

Resistance, measurement of 123 

by comparison 125 

direct-deflection method 131 

drop in potential method 123 

half -deflection method 134 

ohmmeter 141 

series-voltmeter method 128 

Sheldon's method 126 

slide-wire bridge 135 

Wheatstone bridge 138 

Resistance, relation of, to physical dimensions 117 

Retentiveness 51 



826 INDEX 

PAGE 

Bight-hand rule 42 

Boiler-Smith wattmeter 186 

Botating standards 266 

Bound wire parallel to earth, capacity of 81 

Sangamo 

mercury-motor ampere-hour meter 207 

mercury-motor meter 207 

Self -inductance 56 

bridge method of measuring 68 

of electrical units 65 

hydraulic analogy of 63 

of long solenoid 64 

imit of 64 

Self-induction 62 

Series-voltmeter method of measuring resistance 128 

Sheldon's method of measuring resistance 126 

Shunt 30 

Simultaneous maximum demand 303 

Slide-wire bridge 135 

Solenoids 43 

polarity of 45 

Specific inductive capacity 73 

Specific resistance 117 

Standard resistance 122 

Susceptance 105 

Synchronism 87 

Synchroscopes 287 

purpose ot 287 

Westinghouse 290 

Weston 289 

Table 

copper wire 312 

hysteretic constant K, value of, for different materials. . . 52 

specific inductive capacities 74 

specific resistance, temperature coefficient, etc., of differ- 
ent materials 314 

wires, allowable current carrying capacities of 315 

Tangent galvanometer 158 

Temperature coefficient 119 

Thomson 

astatic ammeter 165 

coil ammeter 170 

Time-lagged maximum demand 303 

Torque-weight ratio , 217 



INDEX 327 

PAGE 

Transformers 149, 236 

constant-current 149 

current 149 

potential 149 

•Unit magnet pole 36 

Unit of self -inductance 64 

Vector representation of alternating electromotive forces 

and currents 91 

Volt 15 

Voltage 16 

Voltameters 154 

adaptability of 155 

Voltmeter 145 

D 'arsonval 161 

electrostatic 178 

half -deflection method of measuring their resistance 134 

Voltmeter multipliers 148 

Voltmeters, calibrating 250 

by comparison 250 

by potentiometer 251 

Watt-hour meters 196 

capacities 218 

classification of 196 

commutator type 197 

commutator type on a. c. circuits 202 

Fort Wayne Electric Works * * Type K ' ' single-phase .... 214 

humming 218 

induction type v 210 

Mercury-motor 203 

polyphase induction 216 

prepayment 218 

Sangamo ''Type H" 213 

three-wire d. c. commutator type 201 

torque-weight ratio 217 

Watt-hour meters, testing , 256 

causes of inaccurate meter readings 275 

classification of tests 256 

complaint test 257 

inquiry test 257 

installation test 256 

periodic test 256 

repair test 257 

re-test 257 

shop test 256 

special tests 257 

general procedure in 274 



328 INDEX— Continued 

PAGB 

Watt-hour meters, testing. 256 

meter constants 257 

methods of loading for 272 

methods of testing 261 

ammeter-voltmeter method 261 

with house type watt-hour meter as a standard 269 

indicating wattmeter method 263 

with lamps or standard resistances 270 

portable rotating standard watt-hour meter method 265 

reading meter 278 

records 277 

relation of test constants for different meters 258 

rotating standards 266 

special tests 278 

Wattmeters 183 

compensated 189 

construction and operation 181 

electrodynamometer 183 

polyphase 195 

EoUer-Smith 186 

Weston 187 

Wattmeters, calibrating 253 

voltmeter-ammeter method 253 

Westinghouse 

induction wattmeter 193 

recording instruments 297 

synchroscope 290 

watt-hour Remand meter 306 

Weston 

frequency meter 286 

synchroscope 289 

wattmeter 187 

Wheatstone bridge 138 

Wire gages 121 

APR 2^ 191? 



Books ThatRedayTeach 



you die things yon want to know, and ia a 
liinpl^ practical way that jroa can understand 

Out Shntiated catalogue, wlik^ will be sent yoa free upon 
Kqnetf. t^ all about die Practical Mecbaoical Book* fcx 
Home Study diat m pobEA. 
Tbere aie popular priced 
books on die opetatioa of 
traHttandstaboawc^ prac- 
tical mechanical dmwing and 
maciuoe deagmog, pattern 
■naldng, electiical railroadingi 
powei itatioDS, automc^ila, 
gat eo^iei, dectncal wiiiagi 
aimature and magnet wiodtng, 
<iy niittm tending, dementaiy. 
dednd^, wirelen telegiaj^ 
and idqihoDy, caipenUy and 



strnctioii, [Jumbing and heal- 

jug, ngn and bouse painting, 

amutemeoU, elc^ etc. 

No maltet i/AaX your and** 

tioa or dedre for Imovdet^ 

may be, we pobUi boola written by authorities m 

their diff^«nt lines that w31 give you jutf ifae traauDg and 

^ifaimatico that yoa waitt and need. 

Write todm for ttia np4o-date and complat* Oliu* 
bated catalagna and popular pric* lub It U trtm, 

FREDERICK J. DRAKE & CO. 



STANDARD BOOKS for 

ELECTRICAL 

WORKERS 

WrHten by Practical Men For 
Practical Men 

HENRY C. HORSTMANN 

BIlll 

VICTOR H. TOUSLEV 

axp«tt electricians, have prep f ed 
till* entlrs act ol Eleclricsl Book* 
to meet (he needa of ihe beEiium, 
the practical workman, and Ml who 
have to do with elecuidtr- 

Seven Wonderful 
Books 

MODERN ELECTRICAL CON> 
STRUCTION. 42S pues. 
200 dUErBJDb, pocket glze.fnU 

leather limp, price. tlSt 

MODERN WIRING DIAGRAMS 
AND DESCRIPTIONS. 
800 pages, Ob Ulustratlans. 
pocket alze. [ull leather limp, 

price %IM 

ELECTRICAL WIRING AND CONSTRUCTION 
TABLES. 112 pate«. Collr ilhutrated. pocket size, full 

leather limp, price 91J) 

PRACTICAL ARMATURE AND MAGNET WINDING 
252 paeea. 128 UluBtradoDe, and tables, pocket size, hill 

leather limp, price %IM 

ELECTRICIANS' OPERATING AND TESTING 
MANUAL. S46 paESfl. 211 lllnstratlona and tables. 

pocket Blie, lull leather limp, price $1M 

MODERN ELECTRIC ILLUMINATION-THEORY and 
PRACTICE, 275 pages, tulli Jllustiated. pockeC alie, fulJ 

leather limp, price tIM 

DYNAMO TENDING FOR ENGINEERS or Electricitr 
(or Sleaiu EnslneerB. 20S pages. 110 IDoetratlone, and 

tablea. l2mo. cJoth, price %l» 

Sent postpaid upon receipt of price 

FREDERICK J. DRAKE & CO. 

PUBLISHERS 

CHICAGO, ILLINOIS 



A BOOK EVERY ENGINEER- AND ELECTRICIAN 
SHOULD HAVE IN HIS POCKET. A COMPLETE 
ELECTRICAL REFERENCE LIBRARY IN ITSELF 



'^he Handy Vest-Pocket 

ELECTRICAL 
DICTIONARY 

Br WM. L. WSBEB, M.B. 

ILLUSTRATED 

CONTAINS npwardi ot 4.8I» worda, 
Mrma and phrases employed In (ba 
eleoirlaal proteaslon, nlUi their 
deflnltloDa gTren In tlie most oonoMi 
ItKid and eomia«benslTe nianner. 

Tke piaotl<»l business advantaB* 
wad the educational beneat derlTed 
from (lie abUltr to at once undtntKOd 
tha meanlDit at some term Involvlna 
tlie descMptlcm. action or (imctloiiH ol 
anuflhlne OTapparatua.orthe phTSl- 
cat nature ana cause ot certain ph*- 
nomena.cannotbearoreBtlmatad.and 
will not be, bT (be (boaghtrul assldn- 
ona and ambluooaelectnclan. beoatiM 
IM knowB tliat a tborouBh nnderstanCL 
tag, on the spot, and In the pr co ww 
ot anr jAenMnena, «ffeated Iv the aU 
of hla Sttle Test-poclcet book of retsr- 
enoe. Is f«r more valuable and lasting 
In Its Impression npon the mind, than 
any nemoiandnm which he niisbt 
make M the time, with a view to tba 
fntnre ooasnltatlon ot some Tolamln- 
ona standard terlbook. and which Is 
man freqnenUynegleoied or Jorgottaa 
than done. 

The boiA la ot oonreDlent alza lot 
oanTlng In the vest pocket, being onir 
BK Eachesbr Wk iJUbet, and )f tad 
thick; IM pages. lUustrated, UA 
bonnd ta two dUterent styles: 

Cloth. Red Edges, Indexed . . 25e 
Full Le&ther. Gold Edges. Indexed. 50c 

Buld by bookisllers Benenlty or sent postpaid M uiy addnss npon watpt 

Frederick' J. "drake & co. 

PUBLISHERS 



fOST THK BOOK FOR BKOnnfBBS AND BLSCnWOAZ. WtnKBBl 
WHOSE OPPORTCNTUBS FOB QAININQ INFOBIUTIOK Ott 
THB BRAirOHKS OF ELBCTBICrrr HATB BEKN UmTED 

ELECTRICITY 

Made Simple 

A BOOK DEVOID OP 

TCCHNICAUTIES 

SIMPLE, PLAIN AND 

UNDERSTANDABLE 



Bnoh ahApe tliAit (bo lAjnum xoaj unda^ 

Mm. In a ctilUUtfi nuutiuv. 

FOR EN6INEER8, DYNAHO MEN, 

FIREMEN, LINEMEN, NIREMEN AND 

LEARNERS. FOP STUl'T OR 

REFERENCE. 

nils UMle vork la not Intended for tbe butroolica 01 eoperts, nor aa 
ft gnldo (or tKoteaacm. Tha autbw hasendeaTored tliTODghont the book 
tolirlngthe tn»tt«r down to Uw level ofthOMwhaae qpportimlUea Utt 
|»l"'"g Inlormatloil on tbe branches treated have been Imiited. 

FourebapunaredevotealtoStatlaElectriclwj UueeeaehtoChaml- 
Bkl Batterlei and Ught and Poirer; two each to^nmalrlal llagneUsm 
udmeotro-Hametlsm; oneeaeh to Almocpherio Electricity! Ughtnlng 
Bods; Eleeuo-Chranlsuyi Applied Bleotro-MaKnetlim; Fixoe. Wotk 
and EinerKT! FracUcol Appllaatton or Ohm's Law: alaoachaptvapon 
abUioda M DeTeloplngSlectrleltr, other than ChemlcaL 

The large nnmSerotexamplee that an glTen to lllottrate the praotl- 
.1 1... .1 — ^.1 . 'idplea la gaining lor It a lepntation aa 






addreu npon re 

FREDERICK J. DRAKE & CO^ PubUsben 

CHICAGO. ILL. 



ELEMENTARY ELECTRICITY 

UP TO DATE 

Br SIDNEY AYLMER-SMAli^ M. A. L E. E. 



THIS book opeDS Dp the way lor 
BDTone vbo deelree bji accurate 
and complete kuovrledge of elec- 
tricity as a useful aEcnt, In tbe bands 
ol man. lor the traasmiBBloa of me- 
cbanlcal eocity. and tbe creatloD ol 
ligbt. 

Id ftddlUon to openloif up the way 
as referred to above, tbe book also 
aetvcB as a sulde and Instructor to tbe 
■eefcec after knowledge along these 
lines. 

Beglmilnc in tbe form ol a simple 
catecblsm on tbe primary aspecM of 
the aabjeci it conducts tbe student by 
easy stages tbrougb tbe various u- 
pects of stalJc electricity, tbe different 
types of apparatus lor prodnciDg It, 
■11 of wbicb are plainly described and 
Qhutrated and their action made plain snd easy ot compcebenBlon, 
Quite a large space Is devoted to this important topic, although no 
more than Is actually necessary, as the sublects o> condensers and simple 
electrics] macblnes are also tborougblj bandied, and tbe principles 
SOTeralng tbelr actiOD clearly eiplained and lllostrated. The sublect of 
atmospberlc electricity is next dealt with, and llgbtning arresters treated 
upon, eBpecIally in tbelr relation lo electric power BtatiouB, nib-Btatlons 
and line wires, Tbe wondeclul and mysterious subject ol magnetism 
Is next Created upon at length and clearly explained— tbe explanations 
being accompanied by 11 lustrations- 
Primary batteries ol all types. storaKC batteries and tbe eSecM of elec- 
ttolysla each and all receive a large share of attention. Electric circuita 
and tbe laws governing the Qow of current. Including Ohm's law. are all 
clearly explained. Tbe student baa now arrived at the point where 
electrical vork, power and effloiency is tbe topic, and wbere the geneia- 
tlon and trannnlBBiOD ol electrical cnrreots of high potential and large 
volume are explained, 

sat ky Mutllen (CHnll]' *r uat rottnU I* uj (Mrut ifH Tctelrt tl rrlce. 
12mo. Cloth, SDO P>Kaa, FuUj lUastnit«l t Price, $1.26 

FREDERICK J. DRAKE & CO. 

PUBUSHERS tilt CHICAGO, ILLINOIS 



• • • 



• • 



• • • 



• • • 



• • • 



• • • 



nSBESZOS J. BBAZX ft 00.*8 
PBAOTZOAL XEOHAVZOAL BOOKS 

FOB 
HOm: 8TT7BY 

Price. 
Titles. Cloth. 

▲Ir Brake Practice, Modem — ^Dukesmlth. 
niuatrated 1.S0 

▲ir Brake, Complete Exaxninatione, West- 

Inshouse and New York 2.00 

Air Brake, Westinsrhouee 8ystem S.OO . . . 

Air Brake, New York System S.00 

American Homes, Iiow Cost — ^Hodsson. Il- 
lustrated 1.00 

Architectural Drawing, Self - Taught — 
Hodgson. Illustrated 2.00 

Architecture, Easy Steps to — Hodgson. Il- 
lustrated 1.60 

Architecture, Five Orders — ^Hodgson. Il- 
lustrated 1.00 

Armature and Magnet Winding — ^Horst- 
mann ft Tousley 1.50 

Artist, The Amateur — Delamotte 1.00 ... 

Automobile Hand Book — ^Brookes. Illus- 
trated 2.00 

Automobile, The Mechanician's Catechism 
— Swingle 1.2S 

Blacksmithing, Modem — Holmstronu Il- 
lustrated LOO 

Boat Building, for Amateurs — ^Nelson. Il- 
lustrated 1.00 

Bricklayers^ and Masons' Assistant, The 
20th Century — ^Hodgson. Illustrated.. 1.60 

Bricklaying, Practjcal, Self - Taught — • 

Hodgson. Illustrated 1.00 ..• 

Bungalows and Low Priced Cottages — 

Hodgson 1.00 . . • 

Calculation of Horse Power Made Easy^ 

Brookes. Illustrated 75 . • • 

Carpentry, Modern. Vol. I — Hodgson. Il- 
lustrated 1.00 • • « 

Carpentry, Modern. Vol. II — ^Hodgson. 

inustrated 1.00 ••• 

Chemistry, Elementary, Self - Taught^ 
Roscoe. Illustrated 1.00 

Concretes, Cements, Plasters, etc. — ^Hodg- 
son. Illustrated 1.50 

Correct Measurements, Builders' and Con- 
tractors' Ouide to — ^Hodgson 1.50 

Catechism, Swingle's Steam, Gas and 

Electrical Engineering 1.50 

Cabinet Maker, The Practical, and Fur- 
niture Designer — ^Hodgson. Illustrated 2.00 

I>ynamo Tending for Engineers— Horst- 
mann & Tousley. Illustrated 1.50 

Dynamo — Electric Machines — Swingle. Il- 
lustrated 1.60 

Electric Railway Troubles and How To 
Find Them — ^Liowe 1.60 

Electric Power Stations — Swingle 2.60 

Electrical Construction, Modern. Illus- 
trated .' 1*50 

Electrical Dictionary, Handy, Weber 26 .60 

Blectrlcal Wiring and Construction Ta- 
bles — Horstmann & Tousley 1.50 

Blectricity, Easy Experiments in — Dick' 
Inson. Illustrated i«v% ••• 



• • • 



• • • 



• • • 



I • • 



• • ( 



• • • 



• . • 



. . 



... 



. • 



• • • 



• • • 



Price. 
Titles. Cloth. Lea. 

Blectrlcity Made Simple— Haekins. Illus- 
trated 1.00 . . . 

Blectric Railroading* — ^Aylmer-Sxnall. Il- 
lustrated 3.60 

Blectro - Plating Hand Book — ^Weston. 

Illustrated 1.00 1.60 

Elementary Electricity. Up To Date — 
Aylmer-Small . . . . < 1.25 

Estimator, Modern, for Builders and 
Architects — ^Hodgson 1.50 

Examination Questions and Answers for 
Locomotive Firemen— Wallace. Illus- 
trated 1.60 

Examination Questions and Answers for 
Marine and Stationary Engineers— 
Swingle. Illustrated 1.60 

Elevators, Hydraulic and Electric — Swin- 
gle. Illustrated 1.00 . . . 

Electrician's Operating and Testing 
Manual — ^Horstmann & Tousley. Illus- 
trated 1.69 

Farm Engines and How to Run Them — 

Stephenson. Illustrated 1.00 ... 

Furniture Making, Home — ^Raeth. Illus- 
trated ; 60 . . • 



Gas and Oil Engine Hand Book- 
Brookes. Illustrated 1.00 1.50 

Hand Book for Engineers and Electri- 
cians — Swingle. Illustrated. Pocket 
Book Style 3.00 

Hardwood Finishing, Up-to-date — ^Hodg- 
son. Illustrated 1.00 

Horse Shoeing, Correct — Holmstrom. Il- 
lustrated 1.00 

Hot Water Heating, Steam and Oas Fit- 
ting — ^Donaldson. Illustrated 1.50 

Heating and Lighting Railway Passen- 
ger Cars — ^Prlor 1.25 

Locomotive Breakdowns, with Questions 

and Answers — ^Wallace. Illustrated 1.60 

Locomotive Fireman's Boiler Instructor — 

Swingle 1.60 

Locomotive Engineering — Swingle. Illus- 
trated. Pocket Book Style 8.00 

Machine Shop Practice — Brookes. Illus- 
trated 2.00 

Mechanical Drawing and Machine Design 

— ^Westlnghouse. Illustrated 2.00 

Motorman, How to Become a Successful. 

Aylmer-Small. Illustrated 1.60 

Motormaa's Practical Air Brake Instruc- 
tor— Denehie 1.60 

Modern Electric Illumination, Theory 
and Practice — ^Horstmann & Tousley. 
Illustrated 2.00 

Millwright's Practical Hand Book — Swin- 
gle. Illustrated %.00 ... 

Modem American Telephony In All Its 
Branches — Smith. Illustrated -4 0* 



... 



. • 



. . 



. • • 



. . 



• * . 



